N63 11510

Y Y

NASA SP-20

NUCLEAR ROCKET
PROPULSION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION @ Washington, D.C.

December 1962 ® Office of Scientific and Technical Information

8] ,
VX
H { .a‘- 7/ . . o o ; -
e et (TATIONAL TECHNICAL | y
RS INFORMATION SERVICE | . ) T
: US. DEPARTMENT OF COMMERCE Lo - ‘-
SPRINGFIELD, VA.” 22161 ]

{:
“L,

I E T Y VIR VNUT YUYWL Y ¥ ¥






Foreword

The NASA-University Conference on the Science and Technology of
Space Exploration, conducted in Chicago on November 1-3, 1962, was held “to
provide an authoritative and up-to-date review of aeronautical and space
science technology.”

The scientific papers delivered at the conference were grouped for presenta-
tion by topics and are, in effect, 1962 state-of-the-art summaries. Accordingly,
NASA has published under separate covers sixteen groups of conference
papers to make them conveniently available to those interested in specific fields.
This series (NASA SP-13 to NASA SP-28) is listed by title and price on
the back cover.

All papers presented at the conference have also been published in a two-
volume Proceedings (NASA SP-11) available from the Superintendent of
Documents for $2.50 and $3.00, respectively. Those papers presented herein
originally appeared on pages 61 to 122 of Volume 2 of NASA SP-11.
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Introduction

By David S. Gabriel

Davip S. GaerreL, Chief of the Advanced Development and Evaluation Divi-
sion of the NASA Lewis Research Center, received his B.S. degree in
Mechanical Engineering from the University of Akron in 1943, and did
graduate work in Aeronautical Engineering at Case Institute of Technology.

He has participated in directing research on turbines and rotating machin-
ery, turbojets, ramjets, chemical rockets, and nuclear rockets and power con-
version systems. He is a member of the Institute of the Aerospace Sciences

and the New York Academy of Science.

The nuclear rocket engine is believed by many
to be the most important space powerplant for
the near future. Some of the reasons for this
belief are illustrated by figure 1.
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Fioure 1.—Manned Mars mission with a seven-man
crew and two-man surface exploration. Round-trip
time, 420 days.

In figure 1 are shown the vehicle require-
ments for a seven-man trip to Mars in a little
over 1 year flight time for three types of space-
ships: chemically propelled, nuclear-rocket pro-
pelled, and nuclear-electric propelled. The
ordinate is the weight of the vehicles in the
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Earth orbit (300 miles) required for the mis:
sion. About 25 times as much weight is re-
quired on the ground to boost these vehicles into
orbit. The specific-impulse range for chemical
rockets is from 300 to 450 and for nuclear
rockets, from 700 to 1000 seconds. Electric
propulsion provides much greater impulse, but,
although not shown here, at a considerable
sacrifice in ratio of thrust to weight. It is
apparent that a rather fantastic reduction in
launch weight is possible with nuclear rockets
compared with chemical rockets. Because, for’
nuclear-electric systems, it is not now known
how light these systems can be built, three
curves are shown for various system weights.
From current information, 5 pounds per kilo-
watt is extremely light and probably will not be
achieved without some unforeseen break-
through. The more likely range is 10 to 15
pounds per kilowatt. These results are, of
course, highly dependent on the particular mis-
sion. A different one would give a different an-
swer. At least for this type of highly energetic
short-time trip, typical of many of great in-
terest to us, nuclear rockets and nuclear electric
systems are highly competitive, and neither is
clearly superior to the other. Further, it is evi-
dent that even if very lightweight electrical sys-
tems are developed, the gains to be expected are



not spectacular. For very-long-term missions
such as a trip to Pluto, the electric rocket is
comparatively better. The nuclear rocket is,
thereforse, clearly a superior powerplant to the
chemical rocket and at least competitive with
nuclear electric systems for many future mis-
sions. For these reasons, a great urgency is felt
for nuclear-rocket development.

Nuclear rockets require high-flow, high-pres-
sure turbopumps, exhaust systems capable of
withstanding heat loads in excess of any pres-
ent system, and specialized instruments for the
measurement of not only pressure, temperature,
and flow, but also of nuclear environment. The
design and development of reactors with im-
pulses in the range previously mentioned intro-
duce the requirement of very high power density
in order to keep weight within reason. This

necessity aggravates the usual problems in both
nucleonics and heat transfer and, in turn, intro-
duces the problem of maximum material tem-
perature of the order of 4000° to 6000° F and
minimum hydrogen temperatures around
—400° F. Structures and materials must sur-
vive extreme environments. The control of the
reactor and its associated systems is a very diffi-
cult problem, particularly in off-design condi-
tions. The mating of the reactor to the vehicle
creates interaction problems. Overlying all
these problem areas are the difficulties caused
by a high-nuclear-radiation environment.

Not all of these areas will be discussed in the
following four papers, however. These papers
are concerned primarily with the problems of

‘nucleonics, heat transfer, control, and overall

performance.
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Advanced Concepts for Nuclear Rocket Propulsion

By Frank E. Rom and Robert G. Ragsdale

Frank E. Roy, Chief of the Nuclear Propulsion Concepts Branch of the
NASA Lewis Research Center, attended Cornell University where he received
his B.S. and M.S. degrees ini Mechanical Engineering in 1946 and 1948, re-
spectively. Mr. Rom has been active in research on nuclear propulsion systems
for aircraft and rockets. He is the chairman of the Nuclear Propulsion Com-
mittee of the American Rocket Society and a member of the Nuclear Appli-
cations Panel of the Institute of Aerospace Sciences.

RoBert G. RacspALE, Aerospace Scientist in heat-transfer research at the
NASA Lewis Research Center, is currently working on experimental tests
of hydrodynamic mizing, radiation heat transfer, and system evaluation of a
coaxial flow gaseous nuclear rocket. He received his B.S. and M.S. degrees
in Chemical Engineering from Purdue University in 1950 and 1951, respectively.

INTRODUCTION =, N

The use of the nuclear rocket offers about a
tenfold reduction in interplanetary spacecraft
weight when compared with chemical rockets
(refs. 1, 2, 8, and 4). With such a great po-
tential gain in view, the nation is currently
developing the first flyable nuclear-rocket
engine. The reactor for this engine is com-
posed of high-temperature materials that serve
to heat the hydrogen propellant. A schematic
drawing of a solid-core heat-transfer-type nu-
clear rocket showing the principle of the nu-
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clear-rocket engine is shown in figure 42-1.
The fission energy is liberated within solid
materials of which the reactor core is composed.
This heat is then transferred from the solid-
core materials to hydrogen as it flows through
the heat-transfer passages. The hydrogen is
stored in a propellant tank and then is pumped
through the nozzle walls for cooling purposes.
It is also passed through the reflector regions
and any other parts that require cooling. On
leaving the reflector, the hydrogen flows
through the passages of the reactor core where
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F16URE 42-1.—8olid-core heat-transfer-type nuclear
rocket.

it is heated to as high a temperature as the core
materials will stand. The high-temperature
hydrogen is then exhausted through a conver-
gent-divergent nozzle to produce thrust.

Since nuclear rockets eject mass to produce
thrust, the only reason for considering nuclear
systems for rocket propulsion is that they have
the potential for producing a higher specific
impulse than chemical rockets.



NUCLEAR PROPUILSION

The specific impulse that may be attained by
nuclear rockets is shown in figure 42-2, where
specific impulse is plotted as a function of hy-
drogen temperature. For reference purposes,
the specific impulse of advanced hydrogen-
oxygen rockets such as those that will power the
Centaur and the upper stages of the Saturn C-5
is over 400 pounds per pound per second. The
temperature capability of the materials of
which the nuclear reactor is constructed will
limit hydrogen temperatures to less than 6000°
F or specific impulses of about 1000 pounds per
pound per second. This limit is determined
by the strength of reactor-core materials op-
erating at temperatures approaching their melt-
ing points. Beyond this limit, reactors in
which the fissionable material is in the gaseous
form and heats hydrogen by direct contact or
by thermal radiation must be envisioned. In
this case, specific impulses up to 3000 pounds
per pound per second may be possible.

There is considerable interest in specific im-
pulses greater than 1000 pounds per pound per
second, even though a tenfold advantage in
spacecraft weight has been obtained over chem-
ical systems at that value. Further increases in
specific impulse will, of course, produce greater
weight savings. Perhaps it may be more im-
portant to take advantage of the greater flexi-
bility in performing interplanetary missions
that higher specific impulse can give. For ex-
ample, the use of solid-core nuclear rockets
limits the departure time for a 460-day round
trip to Venus to about 1 month every 2 years.
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F1aURE 42-2.—8pecific impulse of hydrogen as a func-
tion of temperature.
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Fieure 42-3.—Effect of specific impulse on mission
time.

For a specific impulse of 2000 pounds per pound
per second, departures during about 8 months
out of every 2 years would be possible. A
further benefit of higher specific impulse is that
it will permit much shorter trip times for a
given spacecraft weight as illustrated in figure
42-3, which shows the total trip for a 7-man
Venus mission as a function of specific im-
pulse. The weight of the spacecraft that is
launched from an Earth orbit is fixed at 1.7
million pounds. The data in this figure ap-
ply only for high-thrust systems; that is, where
the thrust-to-weight ratio of the spacecraft
is greater than 0.10. Lower thrust-to-weight
ratios will increase the trip time appreciably.
Materials-limited nuclear rockets can accom-
plish this mission in about 450 days. A gase-
ous-core nuclear rocket with a specific impulse
of 3000 pounds per pound per second could ac-
complish this mission in one-third the time or
about 150 days.

In the following discussion, both solid-core
and gaseous-core advanced nuclear-rocket con-
cepts are considered. In the case of the solid-
core nuclear rocket, the chief problem is to
achieve the highest hydrogen temperature with-
in the limits of the melting points of the most
refractory materials. For the gaseous-core re-
actor, the chief problems are associated with
schemes whereby hydrogen is heated by gaseous
fissionable material without excessive fue] loss
and without melting down the walls that con-
tain gases at temperatures far beyond the melt-
ing point of solids.
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ADVANCED CONCEPTS FOR NUCLEAR ROCKET PROPULSION

ADVANCED SOLID-CORE REACTORS

First, consider advanced “solid-core” nuclear-
rocket concepts that heat hydrogen by contact
with high-temperature solids. The main
objective in this case is to find which of the
materials or combinations of materials found
in nature can be made to produce the highest
operating temperature and, hence, the highest
specific impulse. In addition, reactor concepts
that have the greatest probability of being suc-
cessfully developed into highly reliable power-
plants in the most economical and efficient
manner must be found, Finally, there is al-
ways an interest in achieving the smallest size
and weight.

Reactor Types

Some of the reactor types considered for nu-
clear-rocket use are shown in figure 424,
namely, homogeneous thermal, fast, and hetero-
geneous thermal. The advantages and disad-
vantages are given in table 42-1.

Homogeneous thermal reactor.—In this reac-
tor, the fissionable material is intimately mixed
with a neutron-moderating material. The heat
of fission is thus liberated in the moderator and
is removed by the hydrogen propellant that
flows through an array of coolant passages,
which can be visualized as holes passing from
one end of the reactor to the other. The highest
temperatures in the reactor occur in the moder-
ator, hence, the name ‘“hot moderator”. In
addition to being capable of slowing down neu-
trons, the moderator must also be capable of
operating at high temperatures. Graphite and
beryllium oxide are the only two materials that
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(¢) Heterogeneous/
thermal.

(b) Fast.

(a) Homogeneous
thermal.

F1aURE 42-4,—Nuclear-rocket reactors.

can reasonably serve this dual function.
Graphite has the poorer moderating properties
of the two, and therefore its use leads to larger
core dimensions and weight. On the other
hand, beryllium oxide is limited to operating
temperatures of at least 1000 degrees Fahren-
heit less than that of graphite. Since specific
impulse is of the utmost importance, graphite
is really the only contender. The use of graph-
ite, however, requires a protective coating on
the heat-transfer passages to prevent chemical
reaction with hydrogen.

Fast reactors—This type of reactor is com-
posed of all fuel-bearing material, schemati-
cally considered as an array of fueled plates
for heat-transfer surfaces with no moderator.
Fast reactors can be made very small (ref. 5)
and can use the best available high-temperature
fuel-bearing materials. The largest drawback
stems from the fact that nuclearwise fast reac-
tors are less efficient than moderated systems,
and a great deal more fissionable material is
required for criticality. This leads to more
difficult materials problems, since the volume of

TaBLe 42-1.—Characteristics of Three Types of Nuclear-Rocket Reactors

Fast (no moderator)

Heterogeneous thermal (cooled
mod¢

Reactor type Homogeneous thermal (bot
moderator) erator)
Moderating Graphite None Water
material Beryllium oxide Heavy water
Beryllium

Beryllium oxide
Metallic hydrides

Coated graphite
Beryllium oxide

Fuel-bearing
material

Refractory metals (W, Mo)
Carbides (ZrC, HIC, TaC) Mo)

Refractory metals (WI¥,

Coated graphite
Carbides (ZrC)

672065 O-63—2
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NUCLEAR PROPULSION

fissionable material must be about equal to the
total volume of all other materials in the core.
Unfortunately, since fissionable compounds
are not very satisfactory as structural or heat-
transfer materials, they must be contained
within a refractory material such as tungsten,
molybdenum, or®he carbides of zirconium, haf-
nium, or tantalum. Development of satisfac-
tory fuel elements that contain 50 volume per-
cent of fissionable material without penalizing
high-temperature performance is diflicult.
This major problem area of fast-reactor con-
cepts requires a great deal of research on mate-
rials and techniques for achieving the high fuel
loadings.

Heterogeneous thermal reactors.—In this
reactor, the fissionable material is separated
from the moderator and contained in a refrac-
tory fuel-bearing material that provides the
heat-transfer surfaces. The moderator is in-
dependently cooled and, therefore, can be main-
tained at a lower temperature than the fuel
elements. Relatively low-temperature opera-
tion permits consideration of such moderating
materials as water, heavy water, beryllium,
beryllium oxide, and metallic hydrides. The
fuel-bearing material can be any of the best
high-temperature materials such as tungsten,
molybdenum, graphite, or low neutron absorb-
ing ceramics such as zirconium carbide. Fuel
loadings of 15 to 20 volume percent are suf-

the complication of requiring a cooling system
for the moderator. In addition, the relatively
cold moderator must be thermally insulated
from the high-temperature fuel-element re-
gions, and in the case of tungsten, it must be
enriched in the tungsten 184 isotope (ref. 6).
The homogeneous thermal and the fast reactors
appear, at least in concept, to be the simplest
since fuel-bearing material constitutes the en-
tire core. The heterogeneous thermal reactor
seems to have the greatest potential for produc-
ing the high specific impulse, since the rela-
tively low fuel concentrations required are ex-
pected to permit the fuel bearing materials to
operate nearer to their melting points.

Fuel-Element Materials

Table 42-11 shows the properties of the most
refractory materials available. Shown here
are graphite, which sublimes at 7000° F, tung-
sten, the most refractory metal, which melts at
6170° F, and the most refractory ceramics which
are the carbides of hafnium and tantalum,
which melt at 7030°F and 7020° F, respectively.
These materials can be utilized as fuel elements
by adding a suitable uranium compound.
Uranium dioxide, the most refractory of all
uranium compounds (m.p. 5000° F, ref. 7) can
be used with tungsten. Unfortunately in the
case of hafnium and tantalum carbides, a solid

ficient. The heterogeneous reactor does involve solution forms with uranium carbide. Thus,
TaBLe 42-T1.—Properties of Refractory Materials
Tensile Creep Thermal Linear Evapo-
Melting strength strength | conductivity, | expansion | Modulusof | Hydrogen | ration | Compat- Other
Material | point, °F at at (Btu) (in.) coefficient, | elasticity, reaction | rateat | ible fuel limits
5000° F, 5000° F, (_IWC’_F) 10 In. 10¢ Ibfin.t 5000° F, | material
psi psis )eCH mils/hr
Graphite___{ 7000 (sub- | 1000 to 10 to 800...| 140 at 5000° F_| 2.75up to 14to2.0at | >2800°F.; 30 UCs...-. TCs melts
limes) 6000 4000° F 4000° F at 4535° F
(ATY).
Tungsten. .| 6170....... b 3000 to 1000._..__. 920 at 5000° ¥} 3.6....c....[1to10....._. None..._. 0.1 Lo PRSI S
7000
Hafnium 7030....... ©2500at | ....._.. 260 to 310 at 2.88 up to i M. >4840°F .. 3 CCriit] emmeeeeas
carbide 4000° F 4000° F 4000° F
Tantalum | 7020....... e6000at | . _.. 275at 4000° F_.| 3.05upto | ... >4630° F_ | 0.6 UC..... Loses car-
carbide 4000° F 4000° F bon above
4000° F
* Creep rate, 10-# inch per inch per minute.
® One-half of measured bend strength.
* For tensile test strain rate of 0.02 to 2.0 inch per inch per minute.
6
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ADVANCED CONCEPTS FOR NUCLEAR ROCKET PROPULSION

the melting point of a 50-50 mixture of 50 per-
cent hafnium carbide and 50 percent uranium
carbide is only about 5750° F compared with
7030° F, the melting point of hafnium carbide
alone.

The tensile strength of graphite given for a
temperature of 5000° F varies from 1000 to
6000 pounds per square inch depending on its
grade and density (ref. 8). The tensile
strength of tungsten varies from 3000 to 7000
pounds per square inch depending on the rate
of applying the load (refs. 9 and 10). The
highest temperature for which the strengths of
the carbides have been measured is 4000° F.
At this temperature, the tensile strength was
assumed to be one-half of the measured strength
in bending. The values for hafnium carbide
and tantalum carbide at 4000° F are 2500 and
6000 pounds per square inch, respectively (refs.
11 and 12).

Since the fuel-element materials are subjected
to loads for finite periods of time, creep strength
is of great importance. The creep strengths
are presented at 5000° for a creep rate of 10-
inch per inch per minute, which corresponds to
an elongation of about 14 percent in 10 hours.
The creep-rate values for graphite depend on
grain orientation, density, and grade and range
from 10 to 800 pounds per square inch (ref.
13). Tungsten has & value of 1000 pounds per
square inch (ref. 14).

Values of thermal conductivity vary from 140
Btu per hour per square foot per degrees Fahr-
enheit per inch for graphite (ref. 15) up to 920
for tungsten (ref. 16). The thermal conduc-
tivity of hafnium carbide was obtained from
reference 12. The value for tantalum carbide
was obtained from reference 17. The coeffi-
cients of linear expansion were obtained from
references 16 and 17. The modulus of elasticity
was obtained from references 16, 17, and 18.
Further data on properties of refractory ma-
terials can be found in reference 11.

A strong hydrogen reaction with graphite
begins at 2800° F (ref. 19) ; therefore, protec-
tive coatings are essential when graphite is used.
Hydrogen does not react with tungsten, but
hafnium and tantalum carbides do react at tem-
peratures of 4840° and 4630° F, respectively
(ref. 20).
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The evaporation rate of graphite at 5000° F
in a vacuum is 30 mils per hour (ref.21). The
use of sound coatings on graphite should reduce
the evaporation rate to the rate of evaporation
of the coating material. Because it is usually
desirable to minimize coating thicknesses, low
evaporation rates of suitable éoating materials
are of extreme importance: tungsten has the
lowest rate at 0.1 mil per hour (ref. 22). Tan-
talum and hafnium carbides have intermediate
rates (refs. 21 and 23).

Uranium carbide (UC;) melts at 4535° F
(ref. 24) and would be expected to affect ad-
versely the properties of graphite fuel elements
at higher temperatures. Tantalum carbide
loses carbon above about 4000° F with the re-
sultant formation of Ta,C. The use of tanta-
lum carbide would be limited to applications
where relatively short life is adequate. The
data presented in the table are for refractory
materials with no uranium compounds added.
Much less data are available for these materials
when they contain fuel compounds. Supply-
ing these data represents a major field for con-
tinued research.

On the basis of data presented in the table,
tungsten may be expected to have the greatest
potential for producing the highest specific im-
pulse attainable by solid-core nuclear rockets.
Whether or not this potential will be realized
can only be determined by extensive experi-
mental investigations.

Solid-Core Reactor Studies

A portion of the nuclear-rocket program at
Lewis involves the study of advanced solid-core-
reactor concepts and their problems. This work
is aimed at pushing forward the technology of
nuclear-rocket reactors and providing some de-
gree of insurance for the nation’s nuclear-rocket
program. In developing a new engine based on
a relatively advanced technology, success is not
assured for any chosen approach to the problem.
Within the limits of resources available, alter-
nate or backup approaches must be undertaken.
In a limited way, the program at Lewis on ad-
vanced solid-core nuclear rockets is such a back-
up effort, even though the main emphasis is on
providing the technology for the development
of the ultimate solid-core nuclear rocket.
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F1gURE 42-5.—Nuclear-rocket reactor weight as a func-
tion of reactor vold cross-sectional area.

Reactor-weight comparison.—A study has
been made of the three reactor types described
earlier to help determine the selection of the
most promising avenues of research. Figure
42-5 shows one of the results of this investiga-
tion, Reactor core plus reflector weight is
plotted as a function of reactor void cross-sec-
tional area. (A 1000 megawatt reactor requires
about 1 sq ft of flow area.) The graphite reac-
tor, which represents the best of the homoge-
neous-thermal type, is the heaviest. The fast-
tungsten reactor, which assumes a 5050 volume
ratio of tungsten and uranium dioxide, is
lighter than the graphite reactor. The lowest
curve is the best that can be done with hetero-

geneous-reactor cores. Water was found to be -

the best of the moderators considered. Tung-
sten enriched in the tungsten 184 isotope was
considered to have the best potential for high-
temperature performance, because it has the
desirable structural properties of metal and its
use requires a lower percentage of uranium di-
oxide to be contained within the fuel-element
material. It should be emphasized that the
weight of the reactor is only one criterion for
the selection of a reactor for nuclear rockets.
The importance of high temperature materials
has already been discussed. Consideration must
also be given to the mechanical aspects of the
core design. In other words, does a reactor de-
sign exist that is practical and can be developed
in a reasonable fashion?

Reactor design problems—Some typical re-
actor-core-design problems arising in advanced
concept studies can be illustrated by using the
tungsten-water-moderated reactor as an exam-

ple. The reactor shown schematically in figure
496 consists of an aluminum tank of water with
an array of aluminum tubes joining the end
header plates. It is very similar in principle
to the heat-transfer-reactor experiment number
1 (ref. 25), which was used to heat air for a tur-
bojet powerplant, and the ML~1 reactor (refs.
26 and 27), which is used to heat gas for a
mobile powerplant unit. The tubes provide
space for fuel elements and flow passages for
the hydrogen. First, the hydrogen passes
through the regeneratively cooled nozzle, then
through a water-to-hydrogen heat exchanger
to remove the heat generated by neutron and
gamma radiation and any other heat that may
be absorbed by the water, then through the fuel
elements located within the aluminum tubes.
The heated hydrogen is then expanded through
the nozzle to produce thrust. The sketch in the
figure indicates how insulation is provided to
reduce the heat transferred from the high tem-
perature elements to the water. The fuel ele-
ments are supported by a continuous tungsten
tube that runs the full length of the core. The
space between this tube and the aluminum tank
is filled with stagnant hydrogen. This is ac-
complished by venting the downstream end to
the reactor exit region and sealing the upstream
portion. A molybdenum radiation shield is also
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Fieure 42-6.—Tungsten—water-moderated reactor
concept.
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ADVANCED CONCEPTS FOR NUCLEAR ROCKET PROPULSION

[ CAPSULE
4

FicURe 42-7.—In-pile capsule experiment.

shown. A hydrogen thickness of less than 14
inch is sufficient to reduce the heat flow to less
than 1 percent of the reactor power.

The most important problems of this or any
other reactor concept employing tungsten are
the fueled materials and the fuel-element strue-
ture. The question is can suitable fueled-tung-
sten material be made and can this material re-
tain fissionable material such as uranium
dioxide at temperatures of the order of 5000° F
for periods of up to 10 hours with no loss or
attack by hydrogen? Once a suitable material
is obtained, a fuel-element structure that sup-
plies the required heat-transfer surfaces and
flow passages must be designed and evaluated.
The fuel-element structure, indicated schemati-
cally by flat plates (fig. 42-6), must be capable
of withstanding very high heat-transfer rates
and large aerodynamic loads at high tempera-
tures with a minimum of stress to avoid creep
or distortion. The fuel element must be capa-
ble of withstanding severe thermal cycling loads
corresponding (1) to reactor startups and shut-
downs required for space missions, and particu-
larly (2) for economical development of highly
reliable powerplants, where a very large num-
ber of tests must be performed to demonstrate
reliable operation.

Experimental investigations.—Experimental
Investigations are required to determine the
performance limits of the fuel-element mate-
rials and proposed fuel-element structures be-
cause of the lack of fundamental data and un-
derstanding of the complex structures usually
encountered. Analytical procedures are used
as tools to correlate or extrapolate experimental
data.

YTYVYYYYYYYYYYYYVYY "\1{';}! Y

In-pile capsule tests (fig. 42-7) have been
and are being conducted in materials-testing
reactors to evaluate fueled materials. The
test specimen shown is a fueled plate 1 inch
square and about 15, inch thick made by
powder-metallurgy techniques. It contains
fully-enriched uranium (235) dioxide. It is
surrounded by a box of molybdenum that
forms a radiation shield. Tungsten wires sus-
pend the specimen and shield within the central
region of the capsule. The heat generated by
fissions is removed by radiation to the water-
cooled capsule walls. After the capsule is sealed
and evacuated, it is inserted into a test hole next
to the testing reactor, where the specimen is
heated by the fissioning uranium contained
therein. Tests such as these are used to estab-
lish the ability of the fueled material to retain
fissionable compounds at any desired tempera-
ture level. In addition, the effects of fuel burn-
up and radiation damage can be ascertained.
This type of test can also be used to obtain
rapid and inexpensive evaluation of a wide
range of fueled materials to determine their
potential and for research aimed at improving
the properties of the materials considered.

These tests cannot determine the effect of
flowing hydrogen, high heat-transfer rates or
aerodynamic loads on fuel-element geometries.
Such problems can be investigated by elec-
trically heating sample fuel elements and sub-
jecting them to the hydrogen flow rates and
heat-transfer rates to be encountered in the
reactor. Study of the effects of simultaneous

NOT REPRODUCIBLE

FI1GURE 42-8.—Fuel-element-experiment facility in
Plum Brook reactor.
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fission heating and aerodynamic loads can be
made during flow tests run on fuel elements that
are placed within a testing reactor. Figure
42-8 shows a model of the NASA Plum Brook
Reactor Facility with a fuel-element test loop
about to be inserted into the core. The ends of
the test holes, which are directly adjacent to the
reactor, are shown as the flanged pipes. The
test fuel element is located within the snout
of the fuel-element test loop. The tank houses
the pumps and heat exchangers necessary to
flow the helium coolant. This loop, which is
now under construction, is designed to operate
with the test fuel element to produce 100 kilo-
watts of power.

GASEOUS-CORE REACTORS

The problems of attaining the ultimate per-
formance of solid-core reactors basically lim-
ited by the melting temperature of solid mate-
rials have been discussed briefly. Now consider
gaseous-reactor concepts, where the aim is to
bypass the materials limit and to produce hy-
drogen temperatures of 10,000 to 20,000° F.
with specific impulses up to 3000 pounds per
pound per second. This is accomplished by
maintaining nuclear fuel in the reactor as a gas
rather than as a solid.

Basic Concept

The fundamental concept of a gas-core reac-
tor is shown in figure 42-9. The nuclear fuel in
gaseous form is contained in a reactor cavity
that is externally moderated and reflected.
The reactor is made critical by increasing the
pressure of the fissionable gas. The heat gen-
erated by the fissioning gas can be used to heat
hydrogen by direct mixing. The heated mix-
ture is then ejected through a nozzle to pro-
duce thrust. The weight-flow ratio of fission-
able material to hydrogen, of course, is limited
by various considerations. For example, if the
cost of the fissionable material is limited to the
cost of hydrogen for an orbital launch inter-
planetary space mission, the fissionable-mate-
rial flow would be about 145 of the hydrogen
mass flow (assuming that hydrogen placed in
orbit costs $200 per pound, while fissionable
material costs $7,000 per pound.) A less severe
limit arises from the increase of propellant
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FIoUure 42-9.—Gaseous-cavity reactor.
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average molecular weight; a 1-to-1 flow ratio
would yield a specific impulse equal to 70 per-
cent of that of pure hydrogen. For a ratioof 1
to 35 or less the effect on specific impulse is less
than 3 percent. For a mass flow ratio of 1 to 35,
the hydrogen pressure would be about 4000
times greater than the fissionable-material pres-
sure because of the low molecular weight of hy-
drogen compared with that of uranium or
plutonium. Under rather ideal conditions, the
required partial pressure of fissionable mate-
rial for criticality is of the order of 25 pounds
per square inch (ref.28). The total pressure in
the cavity, therefore, would be of the order of
100,000 pounds per square inch!

Clearly some scheme is required to circum-
vent the pressure dilemma. If the uranium
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Fi1eURE 42-10.—Gaseous-cavity-reactor concepts.
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could be caused to recirculate so that its resi-
dence time relative to the hydrogen would be
increased by a factor of 100, the pressure level
would be reduced by this ratio.

Figure 42-10 illustrates two gaseous-reactor
concepts. The scheme on the left uses a vortex
to increase the residence time of the uranium
(refs. 29 and 30). A mixture of hydrogen and

FI16URE 42-11.—Two-fluid vortex experiment.

uranium vapors is introduced tangentially into
a cavity. The resultant centrifugal field set up
will tend to throw the uranium atoms toward
the walls, since they are heavy relative to the
hydrogen. The radial-velocity component of
the gas flowing through the reactor will try to
drag the uranium with it. The hydrogen is
heated as it diffuses through the resulting ura-
nium cloud. If the flow rate is too high, the
centrifugal forces on the uranium atoms will be
overcome, and the uranium will be blown out.
The limitation of this system appears to be the
low flow rates that are permissible. In the
scheme on the right, the uranium and hydrogen
are introduced in separate streams in a coaxial
fashion (ref. 31). The uranium must flow at a
lower velocity than the hydrogen to maintain a
reasonable uranium-to-hydrogen weight-flow
ratio. Here the hydrogen is heated by thermal
radiation from the fissioning uranium gas in the
cavity center. In both reactor concepts, the
hydrogen must contain a material to render it
essentially opaque to radiation at temperatures
below about 10,000° F. Above this tempera-
ture, hydrogen absorbs radiation by itself.
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Other schemes have been proposed for gase-
ous reactors. Some utilize electromagnetic
forces to increase the residence time of uranium
(ref. 82), others use a multiple array of vortex
tubes (ref. 29). Another scheme is called a
“glo-plug” system (ref. 33), which, in princi-
ple, is similar to the coaxial-flow system except
that a transparent hydrogen-cooled tube sepa-
rates the uranium from the hydrogen. The
problem of providing a transparent tube for
the “glo-plug” system seems very formidable.
The plasma-core concept requires very large
magnetic-field strengths (ref 32).

The hydrodynamics of the gaseous-vortex re-
actor has received considerable attention (refs.
34, 35, and 36). A bromine-vapor-air experi-
mental vortex system is shown in figure 42-11
(ref. 30). A bromine-air mixture is introduced
tangentially into a transparent vortex chamber.
The radial concentration profiles of bromine
are measured by light-absorption techniques.
Attempts to predict the observed data using
one-dimensional analyses for two-component
flow have not been too succesful (ref.30). Re-
cent investigations (refs. 35 and 36) suggest
that the flow pattern in a vortex is much more
complex compared with the models that have
been used for analyses. Realistic analyses must
consider the influences of turbulence and end-
wall boundary-layer flow. A similar set of ex-
periments run with a coxially flowing bromine-
air system is shown in figure 42-12. In this
case analysis agrees very well with experimen-
tal results for both laminar and turbulent situa-
tions. Typical data are shown in figure 42-13
for luminar- and turbulent-flow regimes.

The results of these hydrodynamics experi-
ments are used to verify or check theoretical
predictions that are used as a basis for deter-
ming performance of real gaseous reactors. In-
asmuch as the gases in the real situation are
quite different and the tests are isothermal, such
experiments must be extended to other gases
and heating must be provided to increase fur-
ther the confidence in theoretical estimates.

Analytical investigations are being conducted
for the coaxial system, where flow and radia-
tion heat transfer are considered simultaneously
(ref. 37). This analysis has predicted the effec-
tive absorptivity required to prevent melting
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Freure 42-12.—Coaxial-flow experiment.

down the cavity walls. The use of seeding ma-
terial such as graphite dust has been suggested
to increase the thermal radiation absorption of
the hydrogen, and some basic transmissivity
measurements have been reported (ref. 38).
The results of reference 38 are summarized
in figure 42-14. The conclusions indicate that
the transmissivity of carbon-particle clouds is
relatively independent of wavelength for 0.2 to
1.0 micron radiation and that the exponential
dependency on concentration predicted by
Beer’s law exists. These data were all obtained
at room temperature, however, and additional
information at elevated temperatures and pres-
sures including the chemical interaction with
hydrogen is required. Currently, experiments
are being conducted on the radiation absorption
of seeded gases in flowing systems. Figure 42—
15 shows the test apparatus used in these ex-
periments. An arc about 2 feet long with a
power of about 250 kilowatts is struck between
the electrodes and is stabilized in a nitrogen
vortex. The arc supplies a source of radiant
thermal energy. Flowing coaxially in an an-
nular region outside the arc tube is a stream of
gas that can be seeded with dust particles. The
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FI1GURE 42-13.—Air-bromine coaxial-flow experimental
data.

energy transmitted through the gas with and
without seeding is measured to determine the
effect of seeding.

Very little work has been done or is under
way in the area of criticality of gaseous re-
actors. The importance of this research stems
from the fact that the operating pressure of
gaseous-reactor concepts is directly determined
by the critical-mass requirements of cavity re-
actors with unusual three-dimensional fuel
distributions. These distributions arise from
the hydrodynamics of fuel-separation schemes
and nonuniform temperature distributions.
Early work on criticality of cavity reactors has
considered the case of uniform fuel distribu-
tions in spherical one-dimensional geometries
(refs. 39, 40, and 41). This work has been
extended at Lewis to two-dimensions where
nonuniform radial fuel distribution has been
considered (refs. 42 and 43).
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FicURe 42-14.—Spectral transmissivities of carbon
particles. Particle diameter, 0.15 micron; radiation
wavelength, 0.2 to 1.0 micron; radiation path length,
10 centimeters.
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F16URE 42-15.—Thermal-radiation-absorption
experiment.

Because the potential performance of gase-
ous-nuclear rockets is far beyond that of ad-
vanced solid-core systems, the necessary re-
search to determine feasibility should be
vigorously pursued. The degree to which
gaseous reactors can realistically attain their
potential requires a great deal of work in the
fundamental fields of gaseous radiant heat

transfer, nucleonics, and hydrodynamics, and
especially in their interaction.

CONCLUDING REMARKS

A limited amount of work is under way on
the problems of both advanced solid-core and
gaseous-core nuclear-rocket reactors. As the
goals of our space program expand, the im-
portance of nuclear rockets will become increas-
ingly recognized. Therefore, the necessary
technology needed to develop reliable nuclear
rockets for manned interplanetary flight must
be expanded as quickly as possible so that a
solid foundation on which to base decisions to
develop powerplants will exist. Most impor-
tant among the things to be done in the study
of solid-core reactors is the experimental eval-
uation of fueled materials and reactor concepts.
In the study of gaseous reactors, the problems
of hydrodynamics associated with increasing
the residence time of the fuel, gaseous heat
transfer by thermal radiation, and criticality of
gaseous cores are the most pressing.
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SUMMARY

The design of a nuclear-rocket reactor that will pro-
duce maximum propellant-gas temperature for limited
core-material temperature requires successful inte-
gration of the mechanical, thermal, and nuclear
aspects of a complex problem. The strong interaction
of the three-dimensional heat generation with heat
transfer to the propellant requires “tailoring” of reac-
tor composition and geometry. The techniques used
are zoning of uranium concentration, metering of gas
flow through fuel-element cooling passages, core-
moderator zoning, and judicious use of reflectors.

Control systems should encompass sufficient excess
reactivity to start, shutdown, and restart a nuclear-
rocket engine without introducing severe power dis-
tortions.

Herterogeneous moderated reactors that use tung-
sten, which exhibits neutron resonance absorption, re-
quire that fuel-element-moderator lattices be optimzied
to produce maximum neutron multiplication.

INTRODUCTION

A considerable effort has been mobilized dur-
ing the past few years for the development of a
nuclear-rocket engine. The engine contains a
solid-core reactor that directly heats a gaseous

Preceding page blank
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hydrogen propellant. During its operating life
of a few hours, the reactor should be capable of
power densities of about 2 megawatts per liter
and produce hydrogen exit temperatures near
4500° R. At these operating conditions, con-
struction and support of reactor fuel elements
pose extremely difficult mechanical-design prob-
lems. The strength of materials becomes
marginal at anticipated core-operating temper-
atures, but some strength is required to with-
stand the forces of the hydrogen flow without
excessive creep.

If acceptable hydrogen temperatures are to
be obtained for limited core-material tempera-
tures, the mechanical, thermal, and nuclear de-
sign aspects of the reactor have to be thoroughly
integrated.

Some aspects of reactor physics are presented
that are exploited by the reactor designer to
permit the use of available high-temperature
materials to advantage. Techniques are dis-
cussed for adjusting heat-generation distribu-
tions in the core to obtain maximum possible



NUCLEAR PROPULSION

gas temperature. Required reactor excess re-
activity and general methods for its control are
briefly discussed. Finally, the problem of fuel-
element-moderator-lattice optimization in het-
erogeneous tungsten reactors is presented. The
objective of finding the best fuel-element spac-
ings that produce maximum neutron multipli-
cation is illustrated by calculations of tungsten-
water lattices.

REACTOR CRITICALITY

The spectra of reactor criticality can be ob-
served conveniently by the variation of critical
mass of a reactor as a function of its size as
various diluents are added to fissionable ma-
terial. Such a variation is presented in figure
43-1 in which the critical mass in kilograms of
uranium 235 is plotted against the radii of bare
homogeneous spheres of fully enriched uran-
ium containing several diluting materials. The
critical condition implies a balance between neu-
trons produced by fission and neutrons lost by
absorption and leakage.

The anchor point is the undiluted ball of
uranium 235, which is about 8.5 centimeters in
radius, that is critical with about 48 kilograms.
This is a true fast reactor, since the neutron
spectrum in the core is essentially that of the
prompt fission neutron spectrum. Of course,
in the rocket application, uranium metal, which
melts at 2550° R, cannot be used ; however, com-
pounds such as uranium carbide or uranium
oxide, which melt at temperatures of 4950° R
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Fieure 43,1, —Critical masses of homogeneous bare
spheres of uranium 235 with diluents.

‘thermalization.

and 5550° R, respectively, are desirable. Al-
though these uranium compounds have poor
structural properties, they may be incorporated
with graphite or tungsten, which still have some
structural strength as 5000° R is approached.
Refer to figure 43-1 and note that initial di-
lution of uranium with graphite causes the crit-
ical mass to increase at first. This is the result

~ of the neutron spectrum shifting so as to in-

crease nonproductive absorption in uranium.
As more graphite is added, a point is reached
where decreasing neutron leakage causes the
critical mass to decrease, resulting in the peak
reversal. Additional graphite now begins to
act as a moderator, and the neutron spectrum
approaches thermal equilibrium with the tem-
perature of the carbon atoms; at thermal
energies the neutrons see a large fission cross
section and critical mass decreases to the low
reversal point. Further addition of moderator
causes the size and critical mass to increase,
since the uranium atoms are already being used
with maximum effectiveness and the additional
moderator acts as a neutron poison.

The same characteristics are shown by the
addition of water as the moderator, except that
the unusually excellent slowing-down proper-
ties of hydrogen in water cause rapid neutron
The low reversal point of the
thermal core shown in figure 43-1 is obtained
at relatively small size and with small critical
mass,

The criticality curve for natural tungsten as
the diluent starts out similar to that for graph-
ite, but since tungsten is ineffective as a modera-
tor, the critical mass can be expected to increase
as shown. The data of figure 431 were taken
from a correlation of experimental and analyt-
ical criticality data presented in reference 1.

Of course, any real core must contain propel-
lant-gas heating passages and be cylindrical
instead of spherical. In addition, in a water-
moderated core the high-temperature metallic
fuel elements have to be thermally insulated
from the water. If the metal is tungsten, it is
desirable to use a mixture of separated tung-
sten isotopes that have low resonance capture
for neutrons during the slowing-down process.
This subject is discussed in detail later in con-
nection with heterogeneous moderated cores.
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Fast-spectrum reactors, characterized by the
tungsten-diluent curve in figure 43-1, are sen-
sitive to the introduction of gas passages; in
particular, hydrogen gas introduces peculiar re-
activity effects. Core-uranium loadings rise
rapidly requiring fuel elements that contain
much higher metallurgical uranium concentra-
tions than those required for moderated sys-
tems; however, fast-spectrum reactors can use
natural tungsten and other thermal neutron-
absorptive materials that are less absorptive at
high neutron energies.

HEAT-GENERATION DISTRIBUTIONS

Reference neutron-flux distributions ¢ in a
schematic homogeneous cylindrical core are
shown in figure 43-2. The core has axial cool-
ing channels and may have thick or thin neu-
tron reflectors on the sides and ends of the core.
Slowing down and diffusion of neutrons to the
boundaries result in a bare core taking on a
radial flux of J, Bessel variation as shown.
For a core with a side reflector, reflected neu-
trons contribute an added component near the
radial core-reflector interface region. The axial
flux takes on a cosine distribution in a bare
core; an added component due to a thin front
reflector is shown.

The heat released in every unit volume of the
core is the product of the local neutron flux,
uranium concentration, and fission cross sec-
tion. This produet integrated over all neutron
energies provides a measure of the local heat-
release rate. Since the neutron fluxes and flux
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F16URE 43-2.—Reference neutron fluxes in homogeneous
cylindrical core.
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F1aure 43-3.—Typical fuel-element array for homo-
geneous core.

spectra vary from unit volume to unit volume
in the core, the heat-release rate varies in a
unique three-dimensional way. What the re-
actor designer desires is for every unit volume
of the core to be releasing as much heat as the
materials will stand. These objectives require
cylindrical reactors to have a radial heat-release
rate that is uniform or flat, and an axial heat-
release rate that heats up the propellant gas to
the desired exit temperatures without exceeding
limiting material temperatures and thermal
stresses within the core.

The basic building blocks of the reactor are
the fuel elements, which for a typical homoge-
neous honeycomb core look like the array shown
in figure 43-3. All the fuel elements have some
fixed uranium composition, and the generated
heat is removed by thermal conduction to the
many small cooling channels that axially pierce
the element. In order to approach a flat radial
heat generation with such elements, the ura-
nium concentration may be altered from one
element to another. Variation of the heat
generation axially would require the ele-
ments to be segmented and each segment to have
a different uranium composition. Gradients in
heat generation across a given element can be
accomodated by regulating the propellant mass
flow through the individual cooling channels.
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Fieure 43—4.—Radial heat-generation distributions.

These methods of literally “tailoring” the heat-
generation distributions in a cylindrical reactor
are illustrated.

Radial Heat-Generation Distribution

The radial heat-generation distribution at
the midplane of a homogeneous cylindrical
graphite reactor using a berryllium side reflec-
tor is shown in figure 43-4. The beryllium
reflector admirably produces a large thermal
neutron flux that spills over from the reflector
into the core, These thermal neutrons, which
encounter a core loaded with uranium, produce
sharp peaks in heat release, as shown by the
upper solid curve in figure 43—4. The peak pro-
duced at the core-reflector interface is about
twice that of the heat-release rate at the core
center, This so-called “thermal spike” is
intolerable and may be reduced by nonuniform
radial distribution of fuel that would have
to be continuously variable to produce a flat
radial distribution.

A practical compromise is achieved by using
several uranium concentrations in radial zones
of the core. The results for three such zones
are shown by the dashed curve of figure 434.
Large heat-release variations are still present
in short radial distances, but these can be accom-
modated by nonuniform propellant mass flow in
the cooling holes that hopefully keep the maxi-
mum graphite temperatures within acceptable
limits. This calls for solving a rather tricky
problem of orificing gas flows through parallel
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passages with variable heat inputs and with
a given overall pressure drop.

Of course, if there were no side reflector, the
radial heat-generation distribution would be
given a J, Bessel function shown as the bottom
curve in figure 43-4. Its drooping character
could never be compensated for by nonuniform
uranium distribution. Without a side reflec-
tor, this resulting distribution severely penal-
izes the total power output of the reactor.

Axial Heat-Generation Distribution

The increase in propellant gas temperature as
it passes through the core is proportional to
the integral of the axial heat release. The fuel
surface temperature at any axial position is
higher than the gas temperature by a tempera-
ture difference that is directly proportional to
the heat release at that point. The shape of
the axial heat-generation curve is, therefore,
an important factor in determining gas exit
temperature for a maximum fuel temperature.
It is here that reactor physics and heat trans-
fer are very intimately related.

A typical axial heat-generation curve for a
homogeneous core is shown in figure 43-5(a).
This distribution is for a reactor with uniform
axial uranium concentration and a thin front
reflector. The axial heat generation is very
closely a cosine function. The thin front re-
flector alters the cosine shape slightly. The
curve for the propellant-gas temperature rises
monatomically through the core. The cooling-
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FreuRe 43-5.—Axial distributions.
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F1GURE 43-5.—Concluded. Axial distributions.

channel-surface and maximum-fuel-tempera-
ture curves reach a peak well before the end
of the cooling channel is reached. In this ex-
ample, a gas exit temperature of about 4100° R
is achieved with a maximum fuel-element temn-
perature of 5000° R.

The axial situation shown in figure 43-5(a)
is not the best but is the distribution that exists
for reactors in which axial fuel zoning is not
employed. An example of a better axial dis-
tribution is shown in figure 43-5(b), which em-
ploys segmented axial fuel elements. This par-
ticular core used a metallic fuel element made in
small axial segments so that fuel may be axially
zoned. In addition, a thicker front reflector
has been employed. In this case,the axial heat-
generation distribution is far from a cosine
function; it reaches a peak in the front half of
the core. Since the fuel element is metallic and
has good thermal conductivity, the maximum-
fuel and cooling-channel-surface temperatures
are practically the same. In this case, a gas
exit temperature of 4500° R is calculated for
a maximum fuel temperature of 5000° R.

In summation, it has been shown that core
designs to produce maximum gas temperature
for a limited material temperature require zon-
ing of uranium concentration, delicate metering
of gas flow through fuel-element cooling pas-
sages, and judicious use of reflectors.

Proved neutron-diffusion and heat-transfer
theories have provided good first approxima-
tions to core design problems. In conjunction
with separate criticality and flow experiments,
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further design refinements may bebuilt into the
reactor; however, what cannot be answered by
these approaches are the effects of interaction
of the mechanical, thermal, and nuclear aspects
as design conditions are approached. The ques-
tion remains whether or not the core structure
will hold up at the high temperatures under
the combined thermal stresses resulting from
nonuniform internal heat generation and other
stresses resulting from the forces of the hydro-
gen flow.

REACTOR-CONTROL CONSIDERATIONS

The control system requirements for nuclear-
rocket reactors are unique because of the short
operating time (of the order of an hour), which
results in small fuel burnup and fission product
buildup. Therefore, provision for fuel burnup,
which is the largest part of required excess re-
activity in conventional power reactors, is un-
necessary in the rocket reactor.

Reactivity is required to place the rocket re-
actor on fairly short startup periods and to
compensate for the large rise in temperature
which the liquid hydrogen and reactor must
experience. In addition, positive shutdown re-
quires that the control system ensure subcriti-
cality by a safe margin. Finally, since it is
desirable for the reactor to be restarted several
times to execute its mission, some loss of fuel
from the core must be anticipated and allowed
for.

Most control devices introduce absorbers to
compete with the fuel for neutrons. The best
absorbers are materials with high capture cross
section for thermalized neutrons such as boron,
cadmium, or hafnium. Asshown in figure 436,
these absorptive materials can be placed in con-
ventional push-pull control rods in the core of
a thermal reactor or placed on one side of ro-
tating control drums in the side reflector of
thermal or intermediate spectrum reactors.
The drums are shown in the figure at the half-
way position.

In homogeneous cores, it is convenient to use
rotating cylindrical control drums in the side
reflector ; however, both control rods and rotat-
ing drums introduce distortion in the local
power generation. Consider the radial distri-

VYV VYUY Y YUY YYT AV UYY



NUCLEAR PROPULSION

RADIAL
B
ROD 2 }orum
RELATIVE\J.\_. id
i

POWER 1)
|ul

o] /R t
AXIAL

roo{8 ;

; A 0 X/L |
C5-25%61

—CONTROL ROQ

Fi1oURe 43-6.—Power distortion due to control devices.

butions along direction A, which passes through
the rod and drum position, and direction B,
which avoids the local flux perturbation. The
rotating drums perturb the power distributions
near the core-reflector interface by partial in-
sertion of poison as shown in the radial distri-
bution of figure 43-6. This introduces a scal-
loped circumferential power distribution that
must be considered in the thermal design. In
the same manner, the push-pull control rods
depress the fluxes around the partly inserted
rod in both the radial and axial directions, as
shown in figure 43-6.

From an engineering viewpoint, the reflector
control system is convenient in that the rotating
drums are located in a cooled reflector; how-
ever, the reflector is a region of relatively low
statistical importance and many large control
drums are required. Ina thermal core, the same
control could be accomplished by smaller rods
within the core but with attendant difficult cool-
ing problems. For larger homogeneous cores,
the side reflector becomes less important, and
methods other than reflector control are
necessary.

Control for heterogeneous reactors like the
water-moderated core opens many new avenues
of approach because of the accessibility of the
moderator. For example, the use of liquid-
poison passages or gas passages in the low-
temperature water moderator of the core looks
interesting. Such control techniques should be

independent of the size of the core. Of course,

several methods of control are usually possible
for any reactor depending on the specific design.

HETEROGENEOUS MODERATED REACTORS

As mentioned earlier, in order to use the effi-
cient water moderator, the high-temperature
fuel elements have to be insulated and separated
from the water. This results in a heterogeneous
core arrangement that introduces peculiar reac-
tor physics problems, which are discussed in
connection with the tungsten-water-moderated
core. The use of the most refractory metal,
tungsten, in a moderated reactor introduces the
problem of neutrons escaping resonance capture
during slowing down.

The total cross section for natural tungsten
in the slowing down energy region is shown
in figure 43-7 (ref. 2). The four major iso-
topes, tungsten 182, 183, 184, and 186, exhibit
large absorptive resonant cross sections in the
region below a kilovolt. Tungsten 186 has an
especially large resonance at about 20 electron
volts, which is shown in the figure with a change
of scale. The most abundant isotope, tungsten
184, is relatively free of absorptive resonances so
that tungsten enriched in tungsten 184 is de-
sirable. Fission neutrons born in the Mev
energy region make collisions with water and
must bypass this resonance region by spending
most of the slowing down time in the water and
not in the tungsten, The fraction of fission
neutrons starting out that slow down past the
resonance region is known as the resonance
escape prooability.

Shown in figure 43-8 is a representative
heterogeneous core region consisting of an
array of lattice cells of the high-temperature
tungsten fuel elements in insulated water-
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F1gURE 43-7.—Tungsten total cross section in slowing-
down energy region.
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F16uRe 43-8.—Typical fuel-element array for hetero-
geneous core.

moderator regions. Tungsten enriched in the
tungsten 184 isotope may be used to avoid ex-
cessive resonance capture while neutrons slow
down in the water regions. The thermalized
neutrons that have bypassed the resonance cap-
ture energies then diffuse into the individual
fueled region from the water to produce the
bulk of the fissions. For ease in calculation, the
equivalent cylindrical cell shown in figure
43-8 is studied, and the flux variation in the lat-
tice cell is determined.

The variation of the thermal-neutron flux in
this individual cell is plotted against cell radius
in figure 43-9. The separate fuel and water
regions may be seen. This illustrative fuel ele-
ment contains five concentric fueled tungsten
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Fieure 43-9.—Lattice cell of heterogeneous core.
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cylinders supported by an unfueled tungsten
tube. Hydrogen flow is guided by this support
tube and tungsten center plug. The insulating
spaces between the tungsten support tube and
the moderator pressure tube have a thermal-
radiation shield and stagnant hydrogen to keep
the water container cool. The thermal neutron
flux is seen to fall rapidly in the water region
and through the successive fueled cylinders.

In order to achieve the required exit gas
temperature, a heat-generation tailoring job
must be done. Because the metallic fuel ele-
ments are individual, the fuel loadings in the
various fuel cylinders may be varied to permit
each one to operate at its maximum tempera-
ture. The thermal design may be aided further
by varying the heat-transfer spacings between
fuel cylinders. Once again there appears the
complex interplay between the nuclear, thermal,
and mechanical aspects of the problem. Once
an acceptable fuel-element configuration is de-
termined, it is convenient for all the fuel ele-
ments of the core to be identical. Variations
in gross radial heat generation from one fuel
element to another can be tailored by small
changes in moderator thickness called mod-
erator zoning; however, it must be remembered
that water captures thermal neutrons and too
large a water thickness in the lattice will waste
neutrons. Alternately, if the water thickness
is too small, not enough neutrons will bypass
the tungsten while slowing down and escape
resonance capture.

The effects of resonance capture in tungsten
enriched in varying degrees in the tungsten 184
isotope is shown in figure 43-10. Here the
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FI6URE 43-10.—Resonance capture in enriched tungsten
for tungsten slabs 0.10 inch thick in water.
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resonance escape probability is plotted against
water thickness. Recall that the resonance
escape probability is the fiaction of fission neu-
trons starting to slow down that escape tung-
sten resonance absorption and become thermal
neutrons. These results are for lattice celfs
containing tungsten slabs 0.100 inch thick based
on analytical and experimental data presented
in reference 3. The enrichment varies from
natural tungsten that contains 30.7 percent
tungsten 184 to separated isotopic mixtures con-
taining 78.4 and 93.0 percent of tungsten 184.

It may be seen that resonance escape in-
creases for larger water thicknesses. For any
given water thickness, separation of tungsten
184 significantly increases the resonance escape
probability. Enrichment in tungsten 184 also
reduces the thermal-neutron absorption cross
section and results in less competition with the
uranium to improve the neutron multiplication
factor of the lattice cell. The multiplication
factor K is simply the number of neutrons pro-
duced by fission per neutron absorbed in the
cell. Since resonance escape is increasing for
larger water spacings because of better bypass-
ing of resonances even though more thermal
neutrons are wasted by absorption in water, an
optimum neutron multiplication factor K
exists for the fueled lattice cell; that is, there
is some water thickness for a given fuel cell for
which K is a maximum., The resultant multi-

plication factor for tungsten-fuel slab lattices.

containing 0.10 inch of natural or separated
tungsten and a concentration of uranium 235
of about 10 percent by weight is shown in fig-
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" Freure 43-11.—Multiplication factor for tungsten fuel
cell for tungsten slabs 0.10 inch thick in water.
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ure 43-11. It may be seen that K reaches a
peak at 1.18 for natural tungstén, but for tung-
sten enriched in tungsten 184, K can be greater
than 1.50. These peak values occur for water
thickness between 0.5 and 1.0 inch.

Since the cell multiplication factor is a meas-
ure of the reactivity for an infinite number of
these cells, the excess above unity must be used
for neutrons to be lost by leakage from a finite
critical reactor size. It follows that a natural
tungsten reactor would have to be very much
larger than an enriched tungsten reactor.
Tungsten 184 enrichment further provides ex-
cess reactivity for use in fuel and moderator
zoning that is so necessary to achieve desirable
heat-generation distributions in any reactor.

CONCLUDING REMARKS

The strong interaction between the three-
dimensional heat generation and heat transfer
in nuclear-rocket reactors has been illustrated.
It has been seen that both homogeneous and
heterogeneous reactors must be tailored to ap-
proach maximum gas exit temperatures for a
given maximum core material temperature.
Techniques such as fine-scale fuel zoning and
nonuniformly sized cooling passages in fuel
elements are applied; on the gross scale, the use
of reflectors and moderator zoning in the core
are exploited.

A nuclear rocket control system must have
a sufficient amount of controlled excess reactiv-
ity to start and maintain criticality throughout
the required operating time and to restart the
engine after it has been shut down. The
thermal design of the core must consider the
power distortions introduced by partly inserted
control devices.

These design techniques may be applied
analytically, since neutron-diffusion and heat-
transfer processes are reasonably well under-

" stood, and digital computers can handle the

elaborate problem. Separate criticality and
flow experiments may further improye the de-
sign. Even with the known properties of
materials at temperatures of interest, however,
the basic question remains of whether or not
a nuclear-rocket reactor design will perform
satisfactorily as rated conditions are ap-
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proached. The question remains because the  nuclear-rocket reactor must telescope a large

complex interaction of the mechanical, thermal, = number of uncertainties into every hot-reactor

and nuclear aspects of the design cannot be  experiment. A great deal more must be

fully analyzed. learned before nuclear-rocket reactors may be
At the present time, the development of a  adequately and reliably designed.
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INTRODUCTION The solutions to numerous reactor-core prob-
D b 4 lems must be known before a successful nuclear
e;ep-stp}zll ce probes farlx (;ntexl‘planetary ;mv}fl rocket can be developed. For cores consisting
reqllnre le; tsucTC(}alss U fe\e (])pmentko t‘_ﬁe of fuel modules with solid fuel elements, an
nuctear rocket. -Lhe use of nuclear rocxets wi accurate knowledge of the module temperature
permit such missions with lower takeoff ‘:velgl}t gradients is important. These values depend
an;l thhO.rtef tlmli tfhan would (ki)e r;:qulre}(f if on the material, the type of passage configura-
only chemical rockets were used. Tor these tion, passage size, etc. Some typical fuel-mod-
reasons, numerous scientists and engineers are ule temperatures for a given confizuration. with
ivel d in a search for solutions to the pere g g ’
actively engage . . . :
allowance for different void fractions (or pass-

many problems connected with the successful . .
development of the nuclear rocket. This dis- age sizes), are presented herein. The effects of
modifying the fuel distribution are also in-

cussion is restricted to some of the typical heat- . ,
transfer and flow problems encountered in the  ¢luded. With a knowledge of fuel-module tem-

development of the nozzle and the nuclear re- perature gradients, core stresses can be calcu-

actor and of progress being made in attempts  lated in order to determine whether the core is

to solve these problems. mechanically satisfactory. The state of the
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art of calculating these stresses is briefly dis-
cussed.

Another important core problem is encoun-
tered during reactor cool down. The amount of
cooling required to overcome the afterheat may
be so low that laminar flow exists and condi-
tions become favorable for the well-known
“flow excursion” or “static instability” to occur.
A discussion of this problem is included.

For safe operation of the reactor, it is desir-
able to have the hydrogen propellant enter the
reactor core in the gaseous phase. Since the
hydrogen is stored in the liquid phase in the
storage tank, the hydrogen must pass through
the two-phase state somewhere in the system
during reactor startup. For chemical rockets,
in which startup times are of the order of 1 to
2 seconds, no problem is encountered; for nu-
clear rockets, in which startup times may be of
the order of 20 to 30 seconds, serious problems
may be caused by the two-phase flow. In addi-
tion, any flow or pressure instabilities or mal-
distributions of the hydrogen can cause local
hot spots in the core and create problems for
the control system that regulates the coolant
flow, the pressure, and the reactor power of
the engine system.

Since current two-phase hydrogen heat-trans-
fer and flow knowledge is inadequate for nozzle
and reactor design, an experimental program is
in progress at the Lewis Research Center to
augment the existing information. A résumé of
the present state of knowledge, a description of
experimental apparatus being used to augment
fluid-flow and heat-transfer knowledge for the
reactor, and presentation of some results of
tests will be given. Single heated tubes (steady
state), single unheated tubes (transient), nozzle
sectors, and simulated reflector pieces with
parallel unlike passages are all included in the
Lewis program. Moreover, the test sections are
of sufficient length that the gaseous phase of
the hydrogen is achieved within the tube and
experimental data for gaseous hydrogen are
also included.

Since a typical reflector contains numerous
different size coolant passages, the problems of
flow maldistribution and detrimental pressure
oscillations must also be investigated and
solved. Oscillatory-flow data for hydrogen
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flow through the unheated and the heated tubes
and frames from motion pictures of flow dis-
tribution for the multiple-hole reflector pieces
are presented; a discussion of current knowl-
edge on these subjects is included. Information
obtained from these investigations should also
apply to the nozzle.

Current plans indicate the nuclear reactor
will probably be started in or near an Earth
orbit. As a consequence, the effects of low or
zero gravity on flow and heat transfer must
be known. A brief discussion of the problem
is presented.

Current nozzle design procedures involve the
specification of a wall temperature. The gas-
side heat-transfer coefficient is then estimated,
and the heat flux to the wall calculated. A cool-
ant-side heat-transfer coefficient is then ob-
tained by iteration, such that the desired wall
temperature is attained. This procedure is
carried out at local positions along the nozzle.
Unfortunately, methods of achieving reliable
predictions of the gas-side heat flux are not yet
available; a status report on methods now used
will be given.

REACTOR CORE

The final design of a reactor involves an itera-
tion among the results obtained from nuclear,
temperature, and stress calculations. The nu-
clear calculations result in several geometries
that could be used and that will give the re-
quired reactivity. After the temperatures and
stresses are calculated for the reactor parts re-
sulting from these geometries, the dimensions of
the final reactor parts are chosen.

The reactor core poses the largest problem of
heat removal and existing high temperatures
during operation. This problem may be illus-
trated by a comparison of heat-release rates of
modern-day steam boilers with those of pro-
posed reactors for nuclear rockets. A boiler
has a typieal heat-release rate of 40,000 Btu
per hour per cubic foot, while a nuclear-rocket
reactor could have a typical heat-release rate
of 400,000,000 Btu per hour per cubic foot, a
10,000-fold increase.

In addition to these problems during full
operation, another type of problem exists for
the period of reactor cool down. The require-
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ment of a nuclear rocket for a given space mis-
sion would most likely be a startup, full opera-
tion, shutdown, coast, and then a restart. Dur-
ing the coast period after shutdown, removal of
the reactor afterheat would be necessary. Dur-
ing this cool-down phase, the flow rate is
gradually decreased, and in the process of
diminishing this flow rate there arises the
problem of flow excursion, which will be ex-
plained in greater detail in one of the following
sections,

Thermal-Stress Considerations
The order of magnitude of thermal stress is,
in general, given by

EoAT
1—y

T ™ (1)
where AT is considered to be the maximum
temperature difference existing between any
two points in the material. (All symbols are
defined in the appendix.) The entire integrity
of the core is coupled to the maximum temper-
ature existing within the material and to the
temperature gradient across a given member.
Two determining factors involved with these
parameters are power density and distance
between points of maximum temperature differ-
ence. The dependence on these factors is
shown, for simplicity, in the steady-state
temperature equation for uniform power genera-
tion in a slab: '

2

T, mnx'—T v szli

Both Tyex and Tyu— T must be controlled to

within allowable limits. Obviously, T must

be less than the melting point of the material

and Twux— T must be compatible with allow-

able thermal stresses. These thermal stresses

are a function of heat generation, which deter-

mines the temperature gradient, and of material
properties.

Equation (1) as shown merely indicates the
basic parameters involved with thermal
stresses; it is not a complete representation.
The geometry of a reactor is usually reduced to
a simplified representative part, for which
thermal-stress equations can be derived. The
adequacies of these equations as applied to the
entire structure can be verified only by actual
operation.

)
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The types of stress usually calculated are
elastic stresses, although in the high-tempera-
ture range of operation plastic flow undoubt-
edly will occur. Designing for this plastic
flow is acceptable, but existing loads on mem-
bers must be accurately known. The other
items that must be known are stress-rupture
data and the required material properties at
high temperatures. At present, these high-
temperature data are relatively scarce.

Effect of Geometry on Temperature

For nuclear rockets, the maintenance of as
small a size as possible is desirable; that is, for
a given reactor power, the value of power den-
sity will usually be the maximum allowable
from a size determination. Equation (2) shows
that for a fixed value of @, the temperature dif-
ference could still be reduced by a factor of 4
by reducing the distance 8 by a factor of 2. The
maximum temperature is also reduced by the
amount of the decrease of the temperature dif-
ference.

For a given reactor size of high-power rating,
maximum temperatures and thermal stresses
can thus be controlled by a choice of reactor
geometries consisting of a fine structure; that
is, all distances § are kept to a minimum. A
reactor consisting of concentric rings of both
fuel elements and moderator, for example, could
be made to operate in a safe region of thermal
stress by splitting these rings into as small a
thickness as could be fabricated.

Some typical reactor geometry configurations
are shown in figure 44-1. Figures 44-1(a)
and (b) show typical fine-structure geometries
with possible methods of arranging the coolant
passages. By assuming symmetry and uni-
form heating, the temperature distribution in
each shaded segment can be calculated as ex-
plained in reference 1. Figures 44-1(c) and
(d) show other arrangements of fuel and mod-
erator where again symmetry may be assumed
and relaxation methods may be used to calculate
internal temperatures. The concentric ring
type of arrangement that was mentioned pre-
viously is shown in figure 44-1(e).

Of the various geometries shown in figure
44-1, the first two are of the most importance
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(c) Solid fuel rod with separate moderator.
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(e) “Flat plate” type fuel elements with concentric
split-ring moderator segments.

Fi6URE 44-1.—Tvpical reactor geometry configurations.

herein. This homogeneous type of structure is
now readily amenable to adjustment of hole
size and spacing to arrive at optimum tempera-
tures. The temperature distribution and the
conduction heat-transfer characteristics of the
maaterial will depend upon the ratio of the
spacing between passage centers to the passage
diameter. Equations that give the tempera-
ture at every point in the material for both the
triangular and the square arrays are presented
in reference 1.

The surface temperature of the cooling pas-
sage is assumed to be constant around the cir-
cumference. Results of reference 1 show that
for very large spacings the heat removal is

essentially uniform around the periphery,
which indicates little influence of the presence
of neighboring cooling passages. As these
spacings get closer, nonuniformities of heat
removal appear, and the temperature distribu-
tion around a passage is influenced by neigh-
boring passages more in a square array than in
a triangular array. The most important dif-
ference between the two arrays, howerver, is that
the hot-spot temperature for a square array will
always exceed that for a triangular array for
fixed values of heating rate, spacing, and pas-
sage diameter.

The actual effect of varying coolant-passage
size on maximum temperature and on tempera-
ture gradient is shown in figure 44-2. The
temperatures were calculated for a typical re-
actor with graphite assumed to be the pre-
dominant material with a geometrical arrange-
ment the same as the triangular array of figure
44-1(a). The core void fraction was kept
constant and a cosine distribution was assumed
for the heat generation in the axial direction.
The fact that reactor power and therefore
coolant-flow rate were the same for each ge-
ometry resulted in the same coolant tempera-
tures. This procedure makes possible a direct
comparison on a geometrical basis alone.

The finer geometry resulting from smaller
hole sizes producted a dramatic difference in
maximum temperatures and temperature gradi-
ents. The maximum temperature of ap-
proximately 6400° R for the 0.15-inch-diameter
hole geometry was reduced to about 5200° R

" 6400

4800

1600

-0 i/4 172 3/9 i

FI1GURE 44-2—Effect of coolant-passage diameter on
temperature gradient and maximum temperature (20
percent void).
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FicvrRe 44-3.—Effect of vold fraction on maximum
temperature. Inlet bulk gas temperature, 200° R;
outlet bulk gas temperature, 4500° R; diameter, 0.1
inch,

by using 0.10-inch-diameter holes. Maximum
temperature differences were reduced from
about 1600° to about 600° R in going to the
smaller passages.

As stated in the discussion, these calculations
were for a fixed core void fraction and two
different hole sizes. The result of varying void
fraction for a fixed hole size is shown in figure
44-3. For a reactor power of 6000 megawatts,
for example, the maximum temperature is re-
duced by 500° R in going from a 20- to a
30-percent void. For even higher powers, a 30-
percent void results in possible allowable tem-
peratures, whereas a 20-percent void obviously
would not even permit the attainment of these
higher powers.

Using the results of such curves as those in
figures 44-2 and 44-3 allows the calculation of
thermal stresses if formulas are available. A
maximum allowable stress therefore establishes
the geometry sizing required. The introduc-
tion of nuclear considerations such as maximum
allowable void fraction for criticality (dash-
dot line) and of limitations on possible fuel
melting (dashed line) then resultsin a final core
choice that is compatible with all factors con-
cerned. Each of these limitation lines is
merely representative and may actually be
located elsewhere for the core geometry
investigated.

In addition to using fine geometrical con-
figurations to reduce maximum temperatures,
fuel loading may be distributed so as to reduce
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hot spots by reducing the power density in
certain locations while increasing it in others.
When acceptable temperatures have been
achieved, nucleonic, mechanical, and volume
aspects must be reconsidered. This redistribu-
tion of fuel will have some definite limit pre-
sented by each of these factors.

Status of Knowledge of Heat Transfer

As the gaseous hydrogen flows through the
reactor, its temperature increases from several
hundred degrees to about 4500° R or more.
Over this wide range of temperatures, the cal-
culation of heat-transfer coefficients becomes
questionable. Many investigators have studied
gaseous-hydrogen heat transfer, but the indi-
vidual experiments have usually been limited
to wall temperatures below 2600° R; some
helium tests have been run at higher wall tem-
peratures (5000° R), but use of such results
would not include effects of hydrogen dissocia-
tion and variation in fluid properties. Fur-
thermore, most existing correlations are for
overall average values rather than local values.
Apparently, gaseous-hydrogen heat-transfer
data must be augmented for conditions like
those prevailing in a reactor core before any
conclusive assurance on hydrogen heat-transfer
calculation procedures applicable to the core
becomes possible.

Flow Excursions

Several effects should be considered in an
evaluation of the flow distribution and stability
through the core during the cool-down phase
of operation. Although the effects of charac-
teristics are somewhat interrelated, they are
listed as follows for purposes of discussion:

(1) Distribution of core radial temperature

(2) Variation in velocity head of coolant

approaching core passages

(3) Probability of operation in transition

region from turbulent to laminar flow
during cool-down phase

(4) Prediction by pressure-drop equations

that at a given pressure drop a passage
may have either of two flow rates with
a constant heat input

The core radial temperature profile predicted

for design-point operation will not be valid dur-



NUCLEAR PROPULSION

ing the cool-down phase of operation, and the
profile will be exaggerated by the actual flow
characteristics. The pressure drop in the hotter
passages will tend to be greater, and as the pres-
sure drop is set by the pressure in the inlet
and the outlet plenums, the pressure drop can
be satisfied only by lower flow rates in the
hot passages, which aggravates the condition.

As lower flow rates are considered during the
cool down, the second effect becomes more
prominent. Asthe flow rate decreases, the effec-
tiveness of flow-distributing baffles or screens
decreases, which could permit a variation in the
velocity of the coolant approaching the various
core passages and result in additional tempera-
ture variation across the core.

The reduced flow rates of cool down would
also produce the third effect. The frictional
pressure drop through a passage is a function
of Reynolds number and depending on the
magnitude of the number is expressed in one of
two ways. The transition region of values of
Reynolds number ranges from 2000 to 10,000
and in this region either the laminar-flow or the
turbulent-flow friction factor could be applied.
In considering a group of parallel passages, a
prediction of whether the flow will be laminar
or turbulent in the various passages is nearly
impossible if the pressure drop and inlet condi-
tions are such as to establish flow in the transi-
tion region. This case will lead to flow mal-
distribution and to flow oscillations if con-
ditions are such as to permit random tubes to
alternate between Jaminar and turbulent flow.
The change in temperature of the coolant as it
passes through the passage further compounds
this effect by making it possible for flow to
enter the passage at a Reynolds number safely
in the turbulent range and to leave safely in the
laminar range.

The fourth effect is illustrated in figure 44—4.
The equation of pressure drop in a uniformly
heated tube was written and analyzed. For a
given pressure drop, two flow values were pos-
sible. A digital-computer program was written
at Lewis to evaluate this equation over a range
of values. Figure 444 presents a series of lines
representing the variation of pressure drop
with flow rate, each with a constant heat input
along the length of the passage. The lower
series of curves represents the corresponding

TY YYY¥ \I'l{]! YYYTY VY YYYY

100 HEAT INPUT,
__BTy _
MIXED (SEC] (FT)
FLOW
10=REGION—~ 5

PRESSURE ' F9°
DROP, LAMINAR 3
AP/P, FLOW TURBULENT ]
PERCENT | oo
3 TEwP
J ramio
.0l 10
oor—tatibll 1ol .
106 1075 1074 103

SINGLE-TUBE WT FLOW, LB/SEC
Figure 44-4.—Core flow stability.

outlet- to inlet-temperature ratios for the vari-
ous heat inputs. These computed data have a
common inlet pressure and temperature. The
transition region between all-laminar and all-
turbulent flow is indicated between the dash-dot
lines. Figure 44 4 indicates, for example, at
2-percent pressure drop and a heating rate of
1 Btu per second per foot that a flow excursion
could occur from 6.2X10-¢ to 1.45X10™* pound
per second, which is an increase in flow by a
factor of 23. The corresponding temperature
ratios for these flows, as indicated by the lower
curves in figure 44-4, are 100 and 6, respectively.
If the core-inlet temperature were 150° R, the
corresponding core-outlet temperatures would
be 15,000° and 900° R at the low and the high
flow rates, respectively. This relation can in-
deed predict serious problems in flow distribu-
tion and the related problems of thermal
stresses and material failure. In addition, flow
excursions could occur in a given passage as the
flow cycled back and forth between the two pos-
sible flow rates. A similar relation for flow in
a capillary tube is presented in reference 2, in
which it is indicated that the low flow case is
unstable and that the high flow case is stable.

In summarizing the cool-down problem, it
must be concluded that current considerations
indicate a serious problem and that further
analysis and experiments are required ; possibly
intermittent bursts of coolant at relatively high
flow rates should also be considered.
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REFLECTOR

A knowledge of the hydrogen state as a func-
tion of time is essential in the startup transient.
One such typical history is shown in figure 44-5

100 CRITICAL
ATM, PRESSURE | Atm
250 o] 7START
-1 7
4/
TEMP, 35
°R
CS-25414

ENTROPY

F16URE 44-5.—Hydrogen state at reflector inlet during
startup.

for the reflector inlet, in which time increases in
the direction from the starting point to the
steady-state full-power point. At startup, the
hydrogen enters the reflector in a gaseous state
(region 1) and at subcritical pressure, Astime
increases and the hydrogen temperature at the
reflector inlet is reduced to about 90° R, a transi-
tion region (region 2) extending to the satura-
tion line is encountered. Then the entering
condition reaches the two-phase state and re-
mains in this region (region 3) until the other
leg of the saturation curve is met. Region 4,
which is supercritical, is then encountered ; this
region near the saturation line is another transi-
tion region. The supercritical gaseous phase
begins at about 90° R (region 5). Steady-state
operation takes place in region 5. Hence,
transition or pseudo-two-phase and two-phase
heat transfer are all encountered at the reflector
inlet, depending upon time after startup.

Stable Flow

Two-phase hydrogen fow and heat trans-
fer—The presence of two-phase hydrogen flow
through the reflector at some time during start-
up is indicated in figure 44-5. Asthe hydrogen
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entering the reflector in the two-phase state
moves along the reflector passages, it picks up
additional heat and an increase in quality re-
sults. Even after 100-percent quality is at-
tained, the hydrogen may not yet be in the gase-
ous state, but in the pseudo-two-phase state.
Both two-phase and pseudo-two-phase heat
transfer and flow will be discussed in this
section.

Many investigations of two-phase or boiling
fluids, especially in the nucleate boiling range,
have been conducted. Data for hydrogen in the
film boiling region, however, are limited. Some
are presented in reference 3. In the reflector,
the magnitude of the difference between the wall
and the bulk temperatures is such that film boil-
ing takes place. Film boiling is therefore of
prime interest in reflector studies.

The following paragraphs give the status of
knowledge of heat-transfer and fluid-flow cor-
relation equations, the need for more data for
reactor design and study, and experimental
work in progress at the Lewis Research Center
related to this subject.

Status of knowledge: According to reference
4, reliable methods for predicting two-phase
heat-transfer coefficients are unavailable, be-
cause several different kinds of boiling region
exist, heat transfer in these regions is affected
in different ways by a variety of variables, and
flow patterns in two-phase mixtures are not yet
established. Some correlations have been pro-
posed for restricted ranges of variables, but to
date their limits of applicability are unknown.
Moreover, the importance of local conditions is
becoming more pronounced. The problem is
reviewed in reference 5.

A study of isothermal pressure drop for two-
phase flow in a horizontal tube showed that
turbulent-flow data for a number of fluids
could be correlated on the basis of a dimension-
less parameter (ref. 6):

l—x)o'g(p,)o""(p, 0.1 ’
X, =(~—==) (2) (& 3
t ( z P K ( )
The Martinelli parameter x:, represents the
ratio of shearing forces in the two fluid phases;
since only isothermal pressure drops were con-

sidered, no momentum pressure drop was in-
cluded. This parameter, as will be discussed
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later, has been used in several proposed heat-
transfer correlations for two-phase flow. These
correlations, according to reference 4, are form-
ulated in terms of single-phase heat-transfer
coefficients for the liquid and thereby imply
that the liquid is in contact with the surface.
Consequently, there is no assurance that such
a correlation would be applicable for cases in
which the gas phase is in contact with the sur-
face. Reference 4 also states that x:; depends
on vapor density, which in turn is a function
of two-phase pressure drop; since two-phase
pressure drop depends on the local density of
the mixture, an iteration process is required to
obtain x;, and the two-phase heat-transfer
coefficient.

The parameter x;; was used in reference 7 to
correlate two-phase heat-transfer data for
water flowing through a vertical tube. Local
heat-transfer coefficients were obtained for the
nucleate boiling region during circulation
vaporization in a long vertical copper tube.
The heat flux contributed by nucleate boiling
was apparently additive to the convection heat
flux. Although this information was not used
in the correlation procedure in reference 7, it
has been suggested as an alternative method of
correlating nucleate boiling data (see ref. 8).
Other suggested correlations are discussed in
reference 9.

Nucleate boiling heat transfer for five organic
liquids flowing by natural circulation through a
vertical single tube was correlated with the aid
of x:+ (ref. 10). Separation of the effects of
convection and nucleate boiling by calculating
a convection coefficient in terms of a liquid co-
efficient and x., and applying a nucleate boiling
correction factor to the convection coefficient
to obtain the two-phase heat-transfer coefficient
was attempted in reference 10. The correction
factor used varied with the radius of the min-
imum-size stable bubble and the laminar film
thickness.

Reference 3 reports heat-transfer and pres-
sure-drop data for hydrogen flowing under
forced convection through a vertical heated
tube. Inthese experiments, the fluid model con-
sisted of a liquid core and a gaseous annulus
in contact with the wall. These conditions are
opposite to those observed in reference 6; ref-
erence 3, however, shows that a two-phase heat
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correlation can be obtained by use of the yi:
parameter. The parameter x; was originally
used to correlate pressure-drop data for iso-
thermal conditions and for the nucleate boiling
region; it correlated heat-transfer two-phase
hydrogen data in the film boiling region for a
nonisothermal case. Data were also obtained
for hydrogen at supercritical pressure just
above and below critical temperature.

In reference 11 are defined five regions into
which hydrogen is arbitrarily divided in order
to investigate its cooling capabilities. One of
these is the two-phase region (region 3 in fig.
44-5), in which the correlation equation of
reference 12 was used. The part of region 4
(fig. 44-5) between the saturation line and
about 90° F and between the critical pressure
line and the 100-atmosphere line is a so-called
pseudo-two-phase region, and heat-transfer
data for this region are correlated by means
of a modified or pseudo xs». The 90° F limit
attached to this region is used because it is at
about this temperature that the specific heat
of hydrogen attains its maximum value; this
value corresponds to the temperature above
which the transport and specific-heat proper-
ties of hydrogen appear to be unaffected by the
critical temperature condition (see ref. 11).
Reference 12 gives a good discussion of boiling
and near-critical heat transfer.

Local heat-transfer data are presented in
reference 13 for bulk boiling of water in ver-
tically upward forced flow. These data were
correlated by means of y,; and a boiling (or
Sterman) number Bo. For low values of the
boiling number, the local heat-transfer coeffi-
cient is a function of y,; alone; for large values
of the boiling number, the local heat-transfer
coefficient becomes independent of x; (ref. 13).

In reference 14, the use of a two-phase Reyn-
olds number for correlating two-phase heat-
transfer data is proposed. One such number is
found from

R€rp=Resp, 1 (1 —Z+Z :‘Tl
g
where
__pyy, =D

Res.v. =
M

The model contained a gaseous core and a
liquid annulus; for a liquid core and a gaseous
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annulus, Respy may be required. A plot of
Nu, against Regp correlates film boiling hydro-
gen heat-transfer data very well.

Data for the heat transfer to hydrogen in
the liquid, nucleate and film boiling, and gase-
ous regions under forced convection have been
obtained in electrically heated stainless-steel
tubes (ref. 15). These data covered velocities
from 25 to 55 feet per second, inlet bulk tem-
peratures from 40° to 57° R, outlet bulk tem-
peratures from 40° to 147° R, inlet pressures
from 28 to 213 pounds per square inch absolute,
heat. fluxes from 0.01 to 6 Btu per second per
square inch, and wall temperatures from 51°
to 1505° R. The two-phase data were cor-
related at Los Alamos Scientific Laboratory by
use of Re;, Pryy pr/p, and 7w/ T ; the resulting
correlation equation is unpublished, to the best
of the authors’ knowledge. The absence of
subscripts on p and 7" appearing in the denomi-
nators of the two fractions leaves doubt as to
what the basis for these terms should be. Since
the correlation is for two-phase flow, these
quantities might conceivably be based on mean
fluid conditions and hence include quality.

The static-pressure drop for two-phase flow
in 4 horizontal pipe for isothermal conditions
led Martinelli to the discovery of the parameter
xt¢ (ref. 6). The final correlation equation
given in reference 6 predicts the static-pressure
drop per unit length for two-phase flow in
terms of that for gaseous flow and xr; in the
limiting case, as the gas-flow rate approaches 0,
the equation reduces to that for liquid flowing
alone. In reference 3, for hydrogen flow
through a heated tube, it was found that the
viscous shear forces at the wall could be ne-
glected and that the two-phase pressure drop
could be determined from the one-dimensional
pressure drop due to momentum change alone.

According to reference 11, most of the pres-
sure drop in the pseudo-two-phase region re-
ported was due to change in momentum; how-
ever, some frictional drop also existed. It
was concluded that both pressure losses should
be calculated for the pseudo-two-phase region,
but that sufficient information was not yet avail-
able for the appropriate selection on the non-
isothermal friction factors. Such factors, how-
ever, are expected to be appreciably smaller

than the isothermal values; the friction data
of reference 16 verify this expectation.

Experimental investigations at subcritical
pressure: Few experimental data for the pseu-
do-two-phase region are available. Some data
for the two-phase region were presented in ref-
erence 3; these data were determined for heated
vertical tubes with inside diameters of 0.495 and
0.318 inch and for steady-state conditions.
Since both these two diameters are consider-
ably larger than a typical reflector passage, and
since it had not yet been ascertained as to what
effect diameter might have on two-phase and
pseudo-two-phase heat-transfer correlations, a
test program was initiated at the Lewis Re-
search Center to consider tubes of 0.188-inch
diameter and 52-inch length; this size approxi-
mates a typical reflector passage.

The test program was set up to include both
transient and steady-state investigations; ac-
cording to figure 44-5, the reflector operates in
both ranges. One of the objectives of the pro-
gram was to determine whether the same cor-
relation or different correlations are required
for steady-state and transient data.

Both unheated and heated tubes were in-
cluded. Tube-inlet pressures from 22 to 46
pounds per square inch absolute and weight-
flow rates from 0.002 to 0.022 pound per second
were considered. The heated tubes were sup-
plied with up to 6 kilowatts of electrical power.
Wall temperatures varied from 100° to 500° R.

Apparatus and test procedure: A schematic
diagram of the liquid-hydrogen heat-transfer
facility is shown in figure 44-6. A hydrogen-
supply Dewar is shown on the right of the fig-
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Ficure 44-6.—Schematic diagram of liquid-hydrogen
heat-transfer facility.
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ure. The main hydrogen flow line connecting
the Dewar to the test section is surrounded by
two annuli; the inner annulus precools the main
flow line and the outer annulus, maintained at
a high vacuum, minimizes external heat leaks.
The test sections, complete with inlet and out-
let plenums, were contained in a large test-
section enclosure that could be evacuated to pre-
vent external heat leaks. A Venturi was lo-
cated in the vent pipe for flow-measurement

purposes. The locations of the various valves.

are also indicated in figure 44-6.

A photograph of the single-tube test section
with three equally spaced electric heaters in-
stalled for steady-state runs is presented in fig-
ure 44-7. Insulation was wrapped around the

~INSULATED

. ELECTRICALLY
- HEATED TEST
|- SECTION

C5-25423

F1eURE 44-7.—Hesated test section installed in heat-
transfer facility.

assembly to reduce external heat leaks. Figure
44-8 is a closeup view of the inlet plenum of
the test section in which the transparent win-
dow and instrumentation techniques can be
more clearly seen. The unheated-tube installa-
tion is the same as that for the heated tube ex-
cept that no heaters or power supply lines were
used.

Aluminum was chosen as a material because
its thermal diffusivity is similar to that of ma-
terial, such as beryllium, generally used in re-
actor reflectors. The tube size (0.75-in. outer
diameter and 0.188-in. inner diameter) was
chosen to simulate the ratio of material volume
to flow area typical of reflector geometries.

Facility instrumentation consistéd of supply
Dewar pressure (pressurized with helium gas),

-

ELECTRIC HEATER

PRESSURE
MEASUREMENT LINESES

Fi1aUurRe 44-8.—Inlet plenum, heated test section, and
associated equipment.

precool line temperature, liquid-level indica-
tors in the Dewar, Venturi flow measurement
at the exit end of the test section, and electric
power when used for the heated test section.
The inlet and the outlet plenums of the test
sections were monitored by high-speed cameras,
so that the quality of the hydrogen entering and
leaving the test section could be appraised.

A schematic diagram of the test-section in-
strumentation used for single-tube experiments,
typical for both heated and unheated tubes, is
shown in figure 44-9. The pressure and the
temperature of the hydrogen were measured in
the inlet and the outlet plenums. The tube wall
temperature was measured at four radial po-
sitions at each of 10 stations along the 52-inch
length of the tube. The local pressure of the
hydrogen was also measured at the 10 stations.

The output signals from the temperature sen-
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BAFFLE (BOTH ENDS)-. TRANSOUCERS
HIGH-SPEED [ Jg-- - --- f T1-OUTLET-
CAMERA Z '\ TEMPERATURE SENSOR
(BOTH ENDS)

"W~ -}-PRESSURE
eLecTRIC HeaterL~ | [fi | MEASUREMENT STATIONS

52 IN.
i ~TEST-SECTION
HEATER- . ENCLOSURE
TEMPERATURE SENSOR- HH
4l |- ALUMINUM

MATERIAL
TEMPERATURES; RADIAL
POSITIONS;10 STATIONS-{.._

TEST SECTION

H ..:~INLET GLASS TUBE

N INLET-PRESSURE

INLET-TEMPERATURE SENSOR* MEASUREMENTS

F1GURE 44-9.—Schematic diagram of instrumentation
on heated test section.
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sors and pressure transducers used for sensing
the test variables were passed through appropri-
ate signal-conditioning electronic equipment
and readout was on direct-writing recording
oscillographs or on magnetic tape that was then
automatically processed to obtain the data.
Details of typical pressure- and temperature-
instrumentation installation methods are pre-
sented in figure +4-10. Considerable difficulty

POTTING COMPOUND

80% ALUMINUM
20% PLASTIC

(c)

(a) Pressure- and temperature-measurement locations.
(b) Potted thermocouple.
(e¢) Plugged thermocouple,

Ficure 44-10.—Typical pressure- and temperature-
instrumentation installation on test sections.

was encountered in obtaining accurate tempera-
ture measurements of the test-section material.
Calculated radial-temperature profiles from a
transient-conduction heat-transfer digital-com-
puter program indicated a maximum radial
gradient of about 10° R from the inner to the
outer wall of the test section.

Comparison of individual experimental ther-
mocouple measurements indicated that each
thermocouple measurement could vary by as
much as -+15° (average deviations about =5°),
which resulted in an erratic measurement of
radial gradient. This variation is a result of
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differences in contact thermal resistance be-
tween the thermocouple bead and the test sec-
tion and the influence of the material that holds
the thermocouple in place. Two thermocouple-
installation methods that were used are shown
in figure 44-10. Neither one, however, was sat-
isfactory for precise measurements of radial
profiles. For transient tests, in which the test
section was cooling down with time, the slope of
indicated temperature with time was consistent
and the heat-flow rate based on this method was
accurate within =5 percent.

The procedure for test operation is given in
the following discussion : The hydrogen-supply
Dewar was filled with liquid hydrogen (99+
percent para-hydrogen) from large transport-
able delivery Dewars through a transfer system
incorporated in the test stand. Prior to a run,
the flow line connecting the supply Dewar to
the test section was precooled by flowing liquid
hydrogen in an annulus surrounding the main
flow line under control by the precool valves
shown in figure 44-6. The test-section-inlet
plenum chamber, which supplies hydrogen to
the test section, was also precooled by flowing
hydrogen through the main line and out the
plenum precooling valve. The test section was
kept warm during the precooling process by a
reverse purge of warm helium gas through the
test section that was also vented from the sys-
tem through the plenum precooling valve.
The flow from both precooling systems and the
test-section flow were all vented through a com-
mon vent stack to the atmosphere.

During a run, an automatic timer controlled
the valves, valve positions, data recorders, and
camera over preselected time periods.

The operating procedures for both the heated
and the unheated tubes were generally the
same, except that recording instruments were
turned on before test-section flow started for the
unheated-tube runs and after flow and power
were stabilized for the heated-tube steady-state
runs.

Description of data-reduction methods: A
brief summary of the calculations made in cor-
relating the two-phase-flow data for the un-
heated tube follows: (This study is for tran-
sient heat transfer.) The flow rate w was de-
termined at the vent Venturi located down-
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stream of the test section proper. The standard
Venturi equation and the data recorded at the
Venturi were used; an iteration on the Venturi
discharge coefficient was performed until calcu-
lated and calibrated values agreed to within 0.2
percent. The test-section inlet quality of the
fluid was obtained with the aid of motion-pic-
ture photographs taken of the inlet glass tube.
From the photographs, a value of the inlet
velocity of the mixture was determined. This
value, together with the glass-tube passage area
and the calculated flow rate, yielded an inlet
mixture density. This density, together with
measured inlet pressure, permitted the reading
of inlet quality from a chart in reference 17.
The heat input to the hydrogen from a section
of the tube of axial length A7 was obtained from
QAIZWmcp,,, AA—Y;M
where

Wm=;—' pmAl(D2—D2)

The term ¢,,, was evaluated at the third radial
temperature measured at the station at the mid-
point of the section of length A/, and A7 /At
was taken as the temperature gradient at this
position. A typical plot of 7, against time of
the type that was used to determine the gradi-
ents is shown in figure 44-11. The third radial

Fieure 44-11.—Typical variation of tube-wall tempera-
ture with time in single unheated tubes.

position corresponds closely to the center of
mass. The value of the Jocal experimental heat-
transfer coefficient was found from

Qa:

hoo =TTy
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where
A,==xD,Al

and 7' is the inner wall temperature.

The local fluid quality was evaluated from

T=z,+> Ar
N

Ax:w)\

where

The heat of vaporization A was determined at
the local pressure with the aid of reference 17.

The initial attempt at correlating two-phase
heat-transfer data was to follow the procedure
in reference 3; other attempts will be made in
the future. Since the tube diameter of refer-
ence 3 differed from that for which the data
herein were obtained, calculation of the pa-
rameters required for the chosen correlation
method was necessary because the correlation
equation of reference 3 may not apply to other
tube diameters, In fact, other investigators
have already made use of the boiling or Ster-
man parameter to account for diameter
changes. In addition, the data of reference 3
were for steady-state heat flow; hence, the cor-
relation of Nuerpy/Nucarc against yi¢ is used
herein. The parameter y:;; has already been
defined by equation (3); values of x:; were
obtained by use of this equation. The values of
Nuex, were obtained from

N um=h—_°ZD t

and k., has already been discussed. The value
of Nuear. was obtained from the equation used
in reference 3:

Nty 1;=0.023(Pr,)*4(Rerp)®8

The value of Rerp, as in reference 3, was found
from

and the densities required for this evaluation
from
1

=2

Pi st

Pm= z

Pre.r
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and
1

Py 1=z

Pg. sat  Pi sat

The two-phase Reynolds number was defined,
according to reference 11, to account for film-
density changes incurred over a large range of
qualities from the near-gaseous to the near-
liquid values. As the fluid approaches the
gaseous phase, the Reynolds number becomes
the same as the usual gaseous Reynolds
number.

For the pseudo-two-phase region, the pro-
cedure suggested in reference 11 for super-
critical conditions might be applicable for sub-
critical conditions. The procedure employs the
use of a light and a heavy species and bases
property values for the heavy species on the
melting temperature of the fluid and for the
light species on the bulk temperature. The
correlation is of the form Nuex,/Nucai. against
xtt, where

X’ =(1 _xl)ovg(“melt)o'l(ppg‘f 0-5
¢ z Mg, 1. Pmeit

Ntfy1c=0.023(Pr,)"4(Rerp)*®

w Di Prm
Repp=ry = B2
At By Py
. 1
Py x/ l_x
Ppe.d  Pmelt
; 1
= 1—%’
Ppg.r  Pmelt

The value of yx:: may be determined as fol-
lows: The equation for p; may be solved for «!
In order to determine the numerical value of ’,
the values of pp» and puerr can be found from
tabulated or graphical hydrogen data and the
value of p; can be determined by use of Good-
win’s iteration. This iteration requires the as-
sumption of a value of specific volume and cal-
culation until an output specific volume agrees
with the input specific volume.

In order to apply this procedure to the sub-
critical cases, properties for the light species
might be evaluated at the wall or the film tem-
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perature and for the heavy species, at the satu-
ration temperature for either gas or liquid. To
date, these attempts have not been made for a
sufficient amount of data to permit any further
comment.

Steady-state heat transfer was investigated
by use of heated tubes. A brief description of
the method of correlation for these tests follows.
Steady-state conditions were obtained by ma-
nipulating flow rate and electric power to the
heaters until thermocouples imbedded in the
test section gave a steady reading. About 20
seconds after a stable condition was visually de-
termined, the 15-second recording of run condi-
tions was made.

All the steady-state tests were made with sub-
cooled hydrogen entering the test section. The
inlet flow lines and inlet plenum were precooled,
and the supply Dewar was vented to the atmos-
phere. After stabilization, the Dewar was pres-
surized to obtain the desired flow conditions.
Subcooling from 1.6° to 7.5° R was achieved;
these values were obtained by taking the differ-
ence between the measured and the saturated
temperatures for the measured fluid pressure.

The heat input to the hydrogen was deter-
mined from

QT=QI)AH

The flow rate was obtained in the same way as
that for the unheated tube, and the change in
enthalpy was determined from measured inlet
and outlet pressures and temperatures. Since
the heaters were shorter than the test section,
calculations of the heat entering the hydrogen
from these unheated sections were made by use
of the conduction equation:
AT

where A7 was the difference in measured tem-
peratures in the heated and the unheated lengths
and Al” was the distance between the end of the
heater and the temperature sense point in the
unheated section. The rate of heat addition to
the hydrogen along the heated section of the
tube was determined by subtracting the two
conduction rates from @r. This heat addition
was then assumed to be distributed uniformly
along the heated tube length. Incremental
lengths along the heated tube were taken be-
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tween instrumentation points. The lengths re-
quired to bring the hydrogen from the sub-
cooled state to a saturated liquid and from a
saturated liquid to a saturated gas were calcu-
lated by use of inlet enthalpy, flow rate, and
heat rate per unit length.

The experimental heat-transfer coefficients
were obtained from

k QAI
o= AT, —T)

where 7', was taken as the average value be-
tween the measured end points of the incre-
mental length A/, The remainder of the calcu-
lations were made in the same way as those for
the unheated tube.

Both momentum and friction pressure drops
were included to calculate pressure drop for
these two regions. The momentum pressure
drop, for each incremental length, was obtained
from

g \Pour Pin

where G=1v/4; and p;, and p.u, are evaluated
for each incremental length from the entering
enthalpy, the pressure, and reference 17. The
frictional pressure drop was determined from

e 8 () () )
prrlct—(GD Tb) D 29;0"
oy
Here
__Ptn+Pout
P

for the respective increment.

Results: Figure 44-12 shows a plot of Q/A4,
against 7 —7T, for the unheated tests. Since
published hydrogen data show the peak nucle-
ate boiling point at a value of 7', — 7»~4° and
the data on figure 44-12 indicate a value of
7»—T, ranging from 100° to 400°, the state-
ment that film boiling predominates in the re-
flector passages is confirmed.,

The two-phase heat-transfer data for both
the heated and the unheated tubes are shown in
figure 44-13. The ordinate consists of the ratio
of the experimental Nusselt number to the cal-
culated Nusselt number times the boiling num-
ber to the —0.4 power; the abscissa is the Mar-
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FIGURE 44-12.—Typical hydrogen convective-film-boil-
ing heat-transfer data.

tinelli parameter. The exponent on the boiling
number was determined empirically from the
experimental data. Superimposed on the slide
are some steady-state data from reference 3.
The correlation curve was determined for the
unheated-tube data and the data of reference 3;
the heated-tube data fall into the same general
pattern, but slightly higher; this difference may
be attributed to the uncertainty in the determi-

nation of heat input into the tube. Only the
total heat to the tube was measured, and the
assumption was used that this heat was uni-
formly distributed.

A plot of the ratio of experimental Nusselt
number to a calculated Nusselt number against
xtt is presented in reference 3. When the data
of the current experiments were plotted on this
basis, the data separated into groups according
to the boiling number in a manner similar to
that presented in reference 13. The heat-trans-
fer rate was more dependent on x;. at low values
of boiling number than at high ones (ref. 13).
The use of the boiling number in the correlation
should thus i improve the two-phase heat-trans-
fer correlation,

© REF. 3
O STEADY-STATE HEAT
20 © TRANSIENT HEAT

( Nugyp ) 10
Nueares,
|

{Bo)%* op

[} I S N N AR N T A G we T
Rel] A I 10
MARTINELL! PARAMETER, X11,¢

£5-25469

FI1GURE 44-13.—Two-phase hydrogen-flow heat-transfer
correlation.
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A first attempt to apply the boiling number
to the data in a simple manner resulted in the
correlation presented in figure 44-13. Although
this correlation appears satisfactory because it
reduced an original =60-percent spread to a
+95-percent maximum spread for two differ-
ent sets of data, it should be considered as only
the beginning of the investigation. The study
of liquid- and gaseous-interface geometries and
the degree of wall wetting during two-phase
flow with heat addition, together with the es-
tablishment of an improved model based on
visual observations, might yield more informa-
tion on this subject. The theory developed in
reference 13, for example, is based on a wetted
wall with bulk boiling in forced flows; the
wall- to bulk-temperature ratios in the current
experiments (fig. 44-12), however, indicate film
boiling.

A plot of experimental against calculated
two-phase pressure data is shown in figure 44—

50
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34
EXPERIMENTAL PRESSURE,
LB/SQ IN. ABS

CS-25471

F16URE 44-14.—Transient two-phase hydrogen-flow
pressure drop.

14; data from several runs with the unheated
tube are shown. A sample run is marked with
an arrow that indicates the direction from the
tube inlet. The calculated absolute pressures
at the tube entrance are matched with the ex-
perimental values for the calculations. As the
flow proceeds up the tube, the calculated pres-
sures become larger than the measured pres-
sures; in other words, the calculated pressure
drops are lower than the experimental pressure
drops. The shearing forces between the liquid
and the gaseous layers were not included in the
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calculations. Martinelli (ref. 6) correlated iso-
thermal pressure-drop data for a gaseous core
and a liquid annulus by including shearing
forces Dbetween the liquid and the gaseous
phases. If this procedure applies to the pres-
ent model (liquid core and gaseous annulus),
the pressure drop caused by these shearing
forces should be included, and the absolute
value of the calculated pressure would be re-
duced. This should give better agreement be-
tween calculated and experimental pressures
along the tube length.

Gaseous-hydrogen flow and heat transfer.—
During the initial phases of startup, gaseous
hydrogen is present in the reflector at subcritical
pressure, as shown in figure 44-5. Steady-
state operation in the gaseous region at super-
critical pressure is also shown in this figure.
In fact, even if two-phase hydrogen enters the
reflector, somewhere along the reflector passage
the hydrogen enters the gaseous phase. The
following discussion reviews the current status
of knowledge for gaseous flow and heat transfer
and describes current Lewis tests involving gas-
eous-hydrogen flow and heat transfer.

Status of knowledge: Reference 11 presents
a list of correlation equations, with pertinent
limits, presented by various investigators for
gaseous-phase hydrogen (and, in certain cases,
helium). These equations were taken from ref-
erences 16, 18, 19, and 20. Most of them are
for an average heat-transfer coefficient for the
entire test section and of the general form

Nu=C(RouP ()

The coefficients and exponents vary from inves-
tigation to investigation; some of the proposed
correlations contain a wall- to bulk-temperature
ratio raised to different powers. A comparison
of data from references 16, 18, 19, and 20 is
presented in reference 11; the data were ex-
trapolated over a range of values of 7./7T,
from less than 10 up to 100. The data of ref-
erence 18, extrapolated, show a different trend
with 7'/ 7" from those of references 16, 19, and
20; this difference might result from the fact
that the original data of reference 18 covered
temperature ratios from 1.5 to 2.8 and the ex-
trapolation to a value of 100 may not be ac-
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curate. The other three sets of data indicate
fairly good agreement in their trends with
Tw/T.. The respective curves are close, al-
though not perfectly correlated.

Reference 11 also proposes that local coeffi-
cients may be correlated by use of the equation

Nu,=0.021Re%*Pr*

This equation was applied to hydrogen data
and worked well for the test section except for
regions near the entrance and the exit. For
entrance and exit regions, some alterations are
required.

Local heat fluxes are plotted against 7, — 7',
in reference 21 for hydrogen flowing through
a 0.194-inch-diameter heated tube for hydro-
gen at pressures from 680 to 1344 pounds per
square inch absolute and at values of 7,/T»
from 1.36 to 16.5. At a value of 7,— 7, of
about 500° R, an abrupt change in the slope of
the line through the data occurred ; two distinct
correlation equations were therefore obtained,
one for 7', — 7,<500° R and one for 7', — 7>
500° R, with property values based on bulk tem-
perature. These results appear in the form

d
Nu=CRe3*Pry*(72)
b

where € and d differ for the two regions. The
explanation for the existence of these two
correlations for this set of data is given in
reference 21 and is repeated herein. At low
heat fluxes, the unit heat flux is proportional to
a fractional power of the temperature driving
force (@/A4<1 Btu/(sec)(sq. in) and 7,.— 7,
<500° R). At higher heat fluxes, the unit heat
flux is proportional to the first power of the
temperature driving force. A relation seems
to exist between the first correlation (for low
heat fluxes) and a transition region, according
toreference 21.

In reference 18, hydrogen data is compared
with the helium data of reference 20 by means
of the correlation

Nu=0.027 Re®tPr 4

where all properties are based on wall tempera-
ture. These sets of data were for comparable
conditions: For H,, I/D=42.6 and 67 and 7/
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Ty=1.5 to 2.8; for He, I/D=60 and 7T/T»=
1.8 to 3.9. This correlation was satisfactory,
since the same data did not correlate when
plotted in reference 11 against 7°,,/7, but cor-
related well in reference 18. The statement
made previously relative to the extrapolation
of the data of reference 18 is confirmed.

The preceding discussion indicates that at
least two correlations for local gaseous-
hydrogen heat-transfer data have been success-
ful. Both are of the form

Nu=CRe*$Pr

where in one case ('=0.021 and fluid properties
are based on film temperatures and in the other
case ('=0.027 and fluid properties are based on
wall temperatures.

The pressure drop in the gaseous region must
include both momentum and frictional losses.
The general pipe equation useful for this deter-
mination is available in almost any advanced
fluid-mechanics textbook.

Experimental investigations at subcritical
pressure: It was previously stated that even
when two-phase hydrogen enters the test sec-
tion, the gaseous phase will be attained at some
point farther up the tube. Hence, data for the
gaseous region were obtained from the same
tests that supplied the two-phase data. Conse-
quently, the test program and the ranges in
variables are the same as those discussed for the
two-phase state.

Description of data-reduction methods: The
method used for obtaining the heat input to the
hydrogen for the gaseous data is the same as
that used for the two-phase-flow data for both
the transient and the steady-state experiments.
The temperature and the other properties of the

hydrogen required for correlations, however, -

had to be obtained from accumulated total en-
thalpy gain of the hydrogen from the tube
entrance (which was supplied with liquid
hydrogen), local measured pressures, and avail-
able hydrogen-property tabulations. Data re-
duction was accomplished by means of a
digital-computer code including a subroutine
containing.the hydrogen properties for the tran-
sient experiments and by hand calculations for
the heated-tube steady-state experiments. Val-
ues of density, Reynolds number, Prandt] num-
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ber, and experimental Nusselt number were all
calculated three times on the basis of bulk, film,
and wall temperatures of the hydrogen. With
this information, the data could be plotted ac-
cording to the various heat-transfer correla-
tions available. Friction, momentum, and
total-pressure drops were also computed by the
digital code.

Results: Local heat-transfer data for gaseous-
hydrogen points above 90° ¥ were plotted as
Ntexo/Pr** against e for bulk, film, and wall
conditions, but the results indicated consider-
able scatter. The next attempt to correlate the
data used equations from the literature (sum-
marized in ref, 11), which were successful for
the case of supercritical pressures and tempera-
tures greater than 90° R, which is region 5 in
ficure 44-5. Most of these equations include
wall- to bulk-temperature ratios and an /1)
term and use overall bulk or average tempera-
ture for fluid-property evaluation. Defining
the 7 in the equation posed a problem since lig-
uid hydrogen entered the test section. The fol-
lowing model was assumed : As hydrogen flows
up the tube, the liquid is converted to gas in
the two-phase region. When all liquid is evap-
orated and warmed to 90° R, the gas region is
assumed to begin and / is the distance from this
point to the end of the tube. Uniform velocity
distribution is also assumed at this point.

With these assumptions, the best correlation
to date, shown in figure 44-15, uses the equa-
tion of reference 16. Data for both the steady-
state (heated-tube) and transient runs are
shown, as well as the line representing the equa-
tion of reference 16. The data points show

-0.5% -0.15
2r . 08 04 Tw) i )
[ Nu,=0.045 ReQ® Pry (—Tn (%

10?
8
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Ficure 44-15.—Heat-transfer correlation for gaseous
hydrogen. Bulk gas temperatures, >9%0° R; pres-
sure, 1 to 3 atmospheres.
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FiGURE 44-16.—Transient gaseous-hydrogen-flow pres-
sure drop.

that the heated-tube results are agnin somewhat
higher than the transient points, such as was
the case in the two-phase-flow heat-transfer
data.

Calculated pressure is plotted against experi-
mental pressure for the gaseous region in figure
44-16. Calculated pressures are shown to be
larger than experimental pressures. Investi-
gation revealed that the experimental friction
factors were larger than those calculated in the
usual way by use of the von K4drmén equation.
This difference in friction factor apparently ac-
counts for the discrepancy in the pressure data.
A more careful study of friction factors may be
in order, especially since low friction pressure
losses exist with hydrogen and two-phase flow
precedes the gaseous region in the tube.

Oscillatory Flow

It has previously been stated that during re-
actor startup two-phase flow occurs somewhere
in the rocket flow system. For safe operation
of the rocket, stable flow conditions must pre-
vail. Consequently, an investigation of pos-
sible two-phase-flow oscillations in the system
is necessary to find methods for determining
whether stable or unstable flows will exist in a
system. From such knowledge, stable systems
can be designed.

Pressure oscillations are generated by the
boiling process during two-phase flow. Par-
ticles of liquid vaporize and cause pressure
surges; the vapor is condensed when cooled by
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surrounding liquid and this condensation causes
pressure decreases. These processes occur at
random rates, and a spectrum of frequencies of
pressure perturbations results.

In recent years, many attempts have been
made to predict circumstances leading to par-
allel channel instabilities. In 1938, unstable
operation was reported whenever the steady-
state pressure-drop-flow curve exhibited a nega-
tiveslope (ref.22). More recently, pronounced
flow oscillations were observed in a series of
parallel channels in which the steady-state pres-
sure-drop~flow curve exhibited a positive slope
(ref. 23). In reference 23, the criteria for flow
instabilities were attained in terms of initial
fluid conditions, channel geometry, and heat-
flux distribution. Other investigators have also
been active in this field.

Flow oscillations have recently been observed
at the Lewis Research Center in some of the
two-phase hydrogen heat-transfer tests con-
ducted for single tubes. Some gross effects ob-
served in these tests will be presented later.
Existing methods for determining characteris-
tics of the oscillations, such as amplitude, for
example, are available and will be used to com-
pare theoretical results with the experimental
data being obtained. A brief résumé of some
of these approaches is given subsequently.

Status of knowledge.—According to unpub-
lished information from Los Alamos Scientific
Laboratory, a simple spring-mass model that
included a dashpot and a forcing function re-
sulted in the successful simulation of the ampli-
tudes of pressure oscillations obtained during
an experimental run. The damping coefficient
and hence the amplitude of the pressure oscil-
lations varied with the cube of the passage
diameter.
for determining oscillations depends upon the
degree of nonlinearity of the system.

Flow oscillations were analyzed in reference
23 by considering the four basic transient
equations for two-phase flow in a heated
channel: energy, continuity, state, and momen-
tum. Perturbations were applied to the var-
lables and the resulting equations were in-
tegrated in the flow direction. The channel
enthalpy profile was assumed to be of the same
shape (but not necessarily the same level) as

The use, of course, of a spring model *
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if steady-state operation existed. A second-
order transfer function relating heat flux and
inlet flow perturbations was obtained ; from this
transfer function, the criteria of flow insta-
bilities in terms of initial fluid conditions, chan-
nel geometry, and heat flux distribution were de-
termined. Comparison with data showed that
this analysis could predict coolant conditions
at the inception of flow oscillations and the
frequency of the oscillations.

Another type of analysis was used in ref-
erence 24 to study a two-phase natural-circula-
tion system. An exact solution of equations
expressing mass and energy conservation for
a channel subjected to a cyclic variation was
obtained by use of a Lagrangian coordinate
model. Channel pressure drop was predicted
by numerical integration; from a Nyquist dia-
gram, channel stability was investigated. No
slip flow or uniform-heat-flux profile is re-
quired for this method.

Another method of analysis was presented
in reference 25. Differential equations for the
transient conservation laws in the fluid and
metal and heat-transfer conditions at the fluid
metal interface were used to obtain difference
equations (without perturbations). These
equations permitted determination of fluid con-
ditions and metal temperatures at a discrete
number of points in the channel and a discrete
number of times during a transient. The equa-
tions were solved on a digital computer to de-
termine fluid conditions in response to arbitrary
time variations in heat-generation rate, plenum
to plenum pressure drop, and inlet enthalpy.
Channel oscillatory tendencies could then be
predicted by determining flow as a function of
time after a small step increase in heat genera-
tion. Advantages of this approach over those
of references 23 and 24 are also given in refer-
ence 25.

A number of responses to step inputs were
calculated at different heat fluxes near those
where oscillations occurred in the heated chan-
nel experiments with boiling water. At heat
fluxes slightly less than the flux required for
oscillating flow, the calculated response to the
step change (1 percent of steady-state heat
flux) showed a slightly overdamped response.
When the heat flux was equal to the experi-
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mental condition, the response was slightly un-
derdamped, but the oscillations converged rap-
idly to the new steady-state operating condi-
tion. When a larger heat flux was used in the
calculations (e.g., a flux of 1.15 times the experi
mental flux), the system oscillated with con-
tinually increasing amplitude. The oscillating
mass velocity (flow) curves had the appearance
of sine waves until large amplitudes were
reached, when the shape of the curves was dis-
torted because of the increasing significance of
nonlinear effects. The equations, however, in
no case predict a sustained oscillation of con-
stant amplitude, which is often encountered in
two-phase-flow experiments (refs. 23 and 25).

A certain amount of flow or pressure varia-
tion with time or “noise” is always present in
two-phase-flow systems. If the damping ratio
is small (low friction), the existing noise will
be greatly amplified when the frequency of the
“noise” approaches the natural frequency of the
system. This phenomenon is probably occur-
ring in many of the experimental observations.

The need for more theoretical work is re-
quired in the study of these flow oscillations
in order to predict when they will occur and
their magnitude in complex systems. Experi-
mental data with hydrogen should then be ob-
tained and analyzed to confirm the calculations.

Flow stability during experiments—Flow
oscillations have been recorded during the
single-tube experiments. A typical pressure
trace of one type of oscillation measured at one
of the static-pressure locations along the test
section during a transient run is presented in
figure 44-17. At the beginning of the run

(time, 0), high-amplitude oscillations existed ;

these oscillations persisted during the run un-
til about 16.3 seconds later (fig. 44-17), at

which point the amplitude was quickly damped ;

evidence of the frequency, however, still per-
sisted. The resonant frequencies, in general,
decreased during the transient runs. The flow
rate at the test-section exit for the run shown
in figure 44-17 oscillated =25 percent about the
mean value at the beginning of the transient,
and the inlet liquid hydrogen had three degrees
of subcooling.

Some of the instabilities were traced to oscil-
lation sources in the flow system and means
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FI1GURE 44-17.—Pressure-data trace of oscillating-flow
transient run.

were found to eliminate them. An initial
criterion based on the frequency of the flow
oscillations has been established for conditions
that will produce oscillations greater or less
than a selected value of frequency. The cri-
terion for grouping the runs according to fre-
quency will be discussed first, and then a model
representative of the flow oscillation sources in
the system will be described and discussed.

The trend that developed during the heated-
tube experiments is illustrated in figure 44-18.
The dashed line separates the data into regions
having higher (unstable) or lower (stable) fre-
quencies than 2 cycles per second. If the liquid
entering the test section is subcooled less than
2° to 214° R and if there is sufficient heat input
to attain an outlet- to inlet-velocity ratio in
excess of 850, low-frequency runs will be at-
tained. Conversely, when the entering fluid
is more subcooled and the heat rate is insufficient
to attain the high velocity ratios, the flow rate
oscillates at higher frequencies.
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FigUuRE 44-18.—Variation of subcooling with velocity
ratio.
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It was operationally possible during heated-

tube experiments to decrease the frequency of

the flow oscillations either by decreasing the
amount of subcooling in the irlet plenum or
by increasing the test-section heat input, which
increased the velocity ratio.

This information should be considered as a
status report on experiments and analysis now
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FreUure 44-19.—Model of oscillator in system.

being performed and is presented primarily to
cultivate interest in a recurring and unex-
plained phenomenon. The terms velocity ratio
and subcooling will probably be replaced by
more pertinent parameters, and amplitude will
probably be used as a criterion instead of
frequency.

Sources of oscillation in the system can be
described by the model shown in figure 44-19.
As the pressure rises in the liquid-hydrogen
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flow line, liquid flows through restriction A into
volume C. The liquid is vaporized in the vol-
ume because of heat addition. The phase
change in the volume results in an increase in
pressure; first liquid and then gas are forced
back into the liquid flow line through the re-
striction A. When the pressure in the volume
approaches the line pressure, liquid may again
enter volume C. Initially, the remaining gas
in the volume will be cooled, with a further de-
crease in pressure, which will allow more liquid
to enter the volume. When the evaporation rate
and the resulting increase in pressure balance
the line pressure, the flow through the restric-
tion reverses and the cycle continues.

This phenomenon is cyclical (i.e., the distance
X to the interface is periodic with time) and
affects the mass-flow rate in the main flow line
by alternately bleeding off liquid to volume C
and then returning liquid and then gas to the
flow line. The flow variations are then reflected
as system pressure oscillations if there is a re-
striction downstream of the flow oscillator, such
as restriction D,

A mathematical model that assumes that the
evaporation rate is proportional to the liquid
column height X has been shown to be unstable.

Two points in the Lewis flow system were
One was a T in the trans-

similar to the model.

0.39
c-62297

(a) Inlet-plenum oscillation.
F1GURE 44-20.—Enlargement of frames from high-speed motion pictures of oscillating hydrogen flow.
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TIME e

(b) Test-section oscillation. Arrows indicate relative flow velocity.
Fieure 44-20 (Concluded).—Enlargement of frames from high-speed motion pictures of oscillating hydrogen flow.

fer line, where the hydrogen was diverted to
the precooling annulus, and the other was the
volume surrounding the glass tube at the en-
trance to the test section.

High-speed motion pictures were taken of the
inlet plenum that supplied hydrogen to the test
section. At least two forms of oscillation were
identified. Enlargements of photographs taken
during two runs showing the two oscillating
modes are presented in figure 44-20. In figure
44-20(a), the saturated liquid level rises and
falls in the inlet plenum and the volume of gas
surrounding the glass tube varys with time in
a periodic manner. In figure 44-20(b), the
inlet plenum is full of subcooled liquid hydro-
gen and the flow in the glass tube varys in such
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a periodic manner (19 cps) that the flow
actually reverses during part of the cycle as
shown. Static-pressure measurements along the
tube for this type of oscillation showed high-
amplitude variations such as illustrated in
figure 44-17. Also observed in the photo-
graphs were a few small bubbles that originated
from a small amount of nucleate boiling in the
upper part of the chamber and from the
“breathing” of the instrumentation pressure
lines connected to the chamber (fig. 44-20(b)).

The technique of removing the oscillations
from the test-section inlet plenum and the T in
the system consisted merely of allowing suffi-
cient flow through restriction B (fig. 44-19)
that no meniscus could form or that if it did

a
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form the gas generated would be vented out at
a rate that held the meniscus fixed with time.

When this model has been thoroughly ana-
lyzed mathematically and verified by experi-
mental data, the approach can be applied to
other parts of the flow system. During the ex-
periments, only the test section, not the rest of
the flow system, has been instrumented. In
particular, a question arises as to whether the
pressure-tap lines in the lower plenum and
along the test section are acting as oscillators
and generating the flow oscillations.

Maldistribution of Flow

One of the most important problems en-
countered in reactor design is the prevention of
maldistribution of flow. Since both the re-
actor reflector and the reactor core contain
numerous different-size parallel coolant pas-
sages, and since the power generation through-
out a typical reactor is nonuniform, the maldis-
tribution problem becomes even more severe.
The different-size passages (with different sur-
face areas) receive various amounts of heat
from different volume elements, and hence the
flow rates in the passages must be different in
order to maintain the same outlet pressure for
each passage. Since most methods of reactor

control tend to change the pattern of heat gen-

eration, an extra difficulty is encountered. Ac-
cording to reference 26, the designer must there-
fore be prepared to sacrifice potentially achiev-
able coolant-outlet temperatures by allowing
for substantial differences between the maxi-
mum (design) and the average coolant-outlet
temperature or to incorporate such devices as
orifices to counteract flow maldistribution and
thus increase the average coolant-outlet tem-
perature at the expense of increased pressure
drop. The following sections will give some
indication of the Lewis effort in this vital area
of flow maldistribution.

Description of typical reflector—A typical
reflector might consist of several annular seg-
ments of a selected reflector material with cool-
ant passages between the sectors and between
the outermost sector and the pressure shell.
Numerous coolant holes would alsd probably be
required in the annular regions. In many re-
actors, the control devices are located in the

reflector. Additional holes and annular flow
passages in the control devices will be required
for such cases since the control devices would
also have to be cooled. A typical reflector will
thus contain numerous coolant passages of dif-
ferent diameters and annuli of different sizes;
adequate flow distribution among these many
passages must be maintained.

Power distribution in the reflector.—Accord-
mg to reference 27, about 5 percent of the total
heat release in the reactor takes place in the
reflector and the pressure shell. The sources
of this reflector heat are neutron leakage from
the core and gamma radiation. These heat
sources decrease in importance as the distance
penetrated in the reflector from the core in-
creases; that is, the greater the distance from
the core within the reflector, the smaller is the
neutron and gamma attenuation. In a typical
reflector consisting of two annular rings and
a pressure shell, it was estimated that about 3
percent of the total reactor heat release occurred
in the inner reflector annulus, about 2 percent in
the outer reflector annulus, and about 1 percent
in the pressure shell. These are average values,
and because of the change in energy attenuation
through these pieces, passages in the individual
pieces do not all receive the same amount of
heat. In fact, even for two similar passages,
the one receiving the greater heat input will
undergo a greater change in momentum pres-
sure drop, and hence the two passages will have
different temperatures and flow rates, which
leads to the flow-maldistribution problem.

Theoretical background.—When an appre-
ciable change in density occurs in the coolant as
it flows through a reactor, the distribution of
fluid among parallel passages may be affected
by a number of things. An analytical study of
the variations in outlet fluid temperatures and
maximum tube-wall temperatures resulting
from nonuniformity of heat flux, mass-flow
rate, tube shape, or tube dimensions among the
members of a group of flow passages is pre-
sented in reference 26. All these factors are in-
terrelated and dependent upon the physical
properties of the coolant. Analytical expres-
sions for partial derivatives that measure flow
variations are determined for a number of situ-
ations and are applied to the study of water
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F1GURE 44-21.—Simulated reflector piece for maldistri-
bution studies.

flowing through a system at supercritical pres-
sure. In the example, if one tube should receive
1 percent more heat than its neighbors, the fluid
outlet temperature would be 67° F hotter, the
wall temperature would be increased 80° F, and
the flow rate reduced 8.75 percent.

Eoperimental apparatus.—In order to study
reflector heat transfer and flow maldistribution
during reactor startup, a simulated aluminum
reflector segment was used. A photograph of
the test section installed in the test facility and
a sketch of the cross section, including the hy-
drogen passages (circular and annular), are
shown in figure 44-21.

Contemplated instrumentation for a typical
passage will include that for inlet and outlet
plenum temperatures and pressures, static pres-
sures along the tube, and tube-exit pressure.
From the exit total and static pressures, the
relative flow rates can be determined. Metal
temperatures at several planar locations will
also be obtained. Cameras will be provided to
photograph the inlet and outlet plenums.

Calculation of reflector design parameters.—
One of the objectives of the test program is to
compare experimental parameters, such as indi-
vidual passage flow rates, bulk temperatures,
heat-transfer coefficients, pressure drops, and
metal temperatures with purely analytical cal-
culated values. The design of workable reac-
tors for nuclear rockets requires the ability to
predict these parameters accurately.

The largest contributor to the difficulty of
making these predictions is the interdepend-
ence of metal temperatures and coolant tem-
peratures. As previously mentioned, for flow
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systems with multipassages, variations in heat
flux into the fluid produce maldistribution of
flow in the passages. The calculation of this
heat flux under both transient and steady-state
conditions is dependent upon the metal tempera-
tures, which in turn are dependent upon the
boundary conditions (fluid temperature and
heat-transfer coefficient) existing at a given
axial location.

For one passage and the material surround-
ing it, iteration techniques are thus required to
obtain material and coolant temperatures that
are compatible, in terms of heat flux, out of the
material and into the coolant. If this situation
is compounded with several passages that must
be handled simultaneously, a very complex
mathematical procedure is definitely required.

The procedure that would be required for a
part of a possible reflector design will be de-
scribed so that this complexity may be illus-
trated more clearly. The reflector segment be-
ing considered, which for cooling and fabrica-
tion purposes could conceivably be divided into
an inner and an outer reflector section sur-
rounded by the pressure vessel, is represented
in figure 44-22. A cooled control rod is con-
sidered as being located in the outer reflector
section.

If the control rods are assumed to be evenly
spaced, symmetry can then be used to reduce the
complication of calculations. Figure 44-23
shows this symmetrical section and indicates
how this section can be further broken down
into individual symmetrical parts. These parts
are still related through the same boundary
conditions at adjoining coolant passages. For
temperature solutions, each symmetrical part
can be divided into nodal points, and calcula-

OUTER

PRESSURE REFLECTOR

VESSEL -,

1
L INNER
REFLECTOR

F16URE 44-22.—Typical reflector segment showing sym-
metric arrangement of individual parts.
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SECTION C

SECTION A

Ficvre 44-23.—Individual symmetric parts within
symmetric system.

tions can be made that utilize the appropriate
equation listed in figure 44-24.

High - speed - electronic - computer programs
can be and have been set up to solve these heat-
transfer equations for a three-dimensional body.
As discussed in the preceding paragraphs, how-
ever, necessary input to this type of program
is the boundary conditions (coolant temperature
and heat-transfer coefficient). Other programs
can be written to calculate these values, but part
of the required input for these programs is heat
flux into the coolant. Iteration between these
two types of programs could result in final
numbers. Ideally, both programs would be
combined into one large overall program. Ei-
ther approach results in the previously men-

F16URE 44-24.—Typical nodal point. Applicable equa-
tions for calculating metal temperatures are as fol-

14T
lows: transient, V1T= Pt steady state, VIT'=0.
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tioned complex mathematical procedure. Even
with the use of high-speed computers, the time
to perform these calculations becomes rather
lengthy and correspondingly expensive. This
calculation procedure, however, will be used
until an improved method becomes available.

Experimental results from reflector seg-
ments.—A few preliminary experimental tran-
sient runs with the simulated reflector segment
shown in figure 44-21 have been made with
liquid nitrogen and liquid hydrogen as the
fluid. These experiments demonstrate a prob-
lem in multiple-parallel-passage geometries that
was not mentioned in the preceding paragraphs.

In an actual system, the flow passes through
the nozzle cooling passages before it enters the
reflector, and often there are abrupt changes
in flow direction at such interface locations as
the connection between the nozzle and the re-
flector. During the startup transient, gas and
then liquid enter the reflector (see fig. 44-5)
from the nozzle coolant-passage discharge.

The experiments were run with the fluid, first
gas and then liguid, entering the inlet plenum
at a position 90° to the flow direction in the
test section; a structure that approximately
simulated a mechanical support structure found
in an actual system was included.

Enlargements of high-speed motion pictures
showing views of the test-section inlet are shown
in figure 44-25. The photographs show liquid
nitrogen entering the inlet plenum, impinging
on the diagonal structural member, flowing
around the end of it, and then into the upper
half of the chamber in which the nitrogen en-
tered the five cooling passages. Near the be-
ginning of the transient, gross maldistribution
occurred because of the presence of the struc-
tural member, which threw most of the liquid
into test-section passages at the right side of the
photographs. Much of this maldistribution
could be avoided by more careful engineering
design ; the phenomenon, however, indicates an-
other fundamental problem. Any passage that
happens to have more liquid flowing through it
initially than through any other passage during
the start transient (when the reflector material
is cooling down) will tend to continue to have
more liquid flowing through it because that part
of the reflector system will be colder than the
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FIoURE 44-25.—Enlargements of high-speed motion pictures of inlet plenum of simulated reflector pliece showing
flow phenomena during startup transient.
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other parts. This factor complicates the calcu-
Intions of reflector geometries and requires
knowledge of the initial flow distribution in the
system.

Force or Gravity Effects

The use of the nuclear rocket is proposed for
deep-space probes and interplanetary travel.
For such missions, a rocket capable of several
restarts is necessary. Since the initial rocket
startup will probably take place in an Earth
orbit and subsequent starts will occur in space,
knowing what effects a low- or zero-gravity con-
dition will have on the rocket flow system,
especially during startup, is essential. This, of
course, involves a knowledge of boiling heat
transfer under low-gravity conditions.

Numerous investigations into low-gravity
effects have been and are being made. Ac-
cording to reference 3, nucleation and the rate
of bubble growth are not affected by a reduction
in the gravitational force field ; the rate of vapor
removal, however, depands upon the nature of
the force field. In forced convection flow, the
velocity gradients are highest near the solid
surface. Bubbles in this region are subjected to
lift forces and tend to travel toward the tube
center. The vapor, concentrated in the high-
velocity region, moves at a faster rate than it
would under a uniform distribution. The result
is that the mean velocity of the vapor is larger
than that of the liquid. The ratio of these mean
velocities is the slip velocity #y/u;. Reference
3 further states that in the bubble-flow region,
the slip velocity exceeds the value of 1, which is
the slug-flow-region value for this factor in a
low-gravity field.

Under force fall, a definite decrease in heat
flux occurs in all boiling regions except perhaps
the nucleate boiling region (ref. 28). This
conclusion was based on short-time force-fall
tests of boiling heat transfer to liquid nitrogen
at atmospheric pressure from a 1-inch-diameter
copper sphere. One possible explanation for
the fairly large heat fluxes obtained in these
short-time tests has been offered: The momen-
tum of the liquid set up by the action of vapor
departing from the sphere during 1-g condi-
tions may continue to sweep vapor from the
vicinity of the sphere under the zero-gravity
conditions. This situation would be most pro-
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nounced in film boiling. In addition, this well-
defined maximum heat flux in saturated liquid
nitrogen under zero-gravity conditions may be
linked to the dynamics of bubble formation and
growth; that is, the hydrodynamic forces of
bubble growth far overpower the buoyant
forces.

Many other zero-gravity investigations of
nucleate and pool boiling, with various fluids,
have been made. Many have been limited to
the study of the flow phenomena of fluids con-
tained within a sphere or Dewar. The problem
of concern in the nuclear rocket, however,
deals with a flowing system. One such investi-
gation for a water system was reported in ref-
erence 29. A forced-flow water heat-transfer
apparatus using a resistance-heated tube was
flown in an airplane for a 15-second near-zero-
gravity test. The test was conducted to deter-
mine whether a zero-gravity environment in-
fluenced the nature of two-phase-flow patterns;
such changes would be observed in the heat-
transfer results. An instability, initiated by a
momentary interruption of flow, forced the
transition from a highly subcooled bubbly flow
to a slug-type phenomenon that resulted in a
16-percent increase in local heat-transfer co-
efficients.

Not only must the effects of low gravity on
flow and heat transfer be known, but the effects
of high-gravity fields are also of interest, since
the nuclear rocket will pass through such en-
vironments in its proposed missions. Not many
investigations in this area have been made.
Pool boiling of distilled water at approximately
atmospheric conditions up to 21 g’s has been
tested (ref. 30). The influence of acceleration
was greatest in heat fluxes up to 50,000 Btu per
hour, where a transition in the convective mech-
anism apparently took place. The acceleration
decreases the value of 7'y, — 7., required for a
given flux. Above this heat flux, a reversal of
the effect of acceleration on 7', — 7, was ob-
served. Data of reference 31 agree with those
of reference 30.

As noted previously, the nuclear-rocket low-
gravity problem deals with a flowing system.
Reference was made to one such investigation
using water. An experiment is currently being
planned at Lewis that will involve a hydrogen
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flowing system. The multiple-passage reflector
simulation shown in figure 44-21 is being pre-
pared for insertion into a so-called drop pack-
age. This package will be dropped from a
drop tower, and a force fall of about 2 seconds
will be attained. Recorded data and motion
pictures taken during this test will be compared
with similar data obtained for the same test
section in a 1-g experiment.

One phenomenon that might be expected is
that the initial flow distribution into a multiple-
passage test section might be different in a zero-
gravity environment than in other gravity
fields. Maldistribution of flow in the passages
as previously discussed may therefore be
different.

NOZZLE

The design of a regeneratively cooled rocket
nozzle is based on calculation of a balance be-
tween the heat flux from the hot gas to the noz-
zle wall and from the nozzle wall to the cool-
ant. Such calculations require accurate esti-
mates of heat-transfer coefficients on both the
hot gas and the coolant sides of the nozzle. In
addition, accurate estimates of coolant pressure
drop are also necessary. An excellent review
of the nozzle-design problem and the shortcom-
ings of current nozzle-design methods is given
in reference 12.

A nozzle design is usually determined for
full-power operating conditions. Startup times
for nuclear rockets, however, are much longer
than those for chemical rockets, and the serious
problem of possible choking in the cooling pass-
ages at the nozzle throat during startup must
not be overlooked. The tapered cooling pass-
ages have minimum cross-sectional area at the
throat. A nozzle intended for use on a nuclear
rocket should therefore be designed for full-
power operating conditions and then for pos-
sible choking at startup. A redesign may then
be required.

Current design methods are dependent upon
the hot-gas-side heat flux, and to date adequate
methods for estimating this flux are not avail-
able. Two methods are currently being used,
but each has discrepancies. The first uses a
turbulent-flow heat-transfer correlation that
assumes a constant coefficient for the entire
nozzle and uses the local diameter; this method
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is an adaptation of the correlation originally
determined for a constant-diameter pipe in
which there are no appreciable axial pressure
gradients, The determination of the Reynolds
number for use in the correlation equation,
moreover, involves a term p,V, that may be cal-
culated in two ways, a one-dimensional or a
three-dimensional determination of p.7, at the
wall. Reference 12 explains discrepancies en-
countered in these calculations and how they
differ for conical or bell-shaped nozzles. The

,~COOLANT PASSAGE

7~ THROAT
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FicURE 44-26.—Surfaces of constant p.V. for typical
conical and bell nozzles,

lines of constant p,V, for typical conical and
bell-shaped nozzles are shown in figure 4426,
taken from reference 12. No essential differ-
ence exists between a one-dimensional calcula-
tion (a point on the centerline) and a three-
dimensional calculation (a point at the wall)
for the conical nozzle. On the other hand, for
the bell-shaped nozzle, a considerable difference
in the one- and the three-dimensional calculated
values of p,V, will exist. The three-dimen-
sional procedure has been recommended for
bell-shaped nozzles.

The second approach to gas-side heat-flux
calculations involves boundary-layer solutions.
For turbulent flow, only approximate boun-
dary-layer solutions exist. Two distinct ap-
proaches to this type of solution are also cur-
rently employed. The first case assumes that
the boundary-layer thickness is zero at the core
end of the nozzle; the second case assumes that
there is a finite boundary-layer thickness at
this point.

A comparison of calculated and experimen-
tal values of heat-transfer coefficient for the
bell-shaped nozzle is presented in figure 3 of
reference 12 and is summarized for several
locations along the nozzle as follows:
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Comparison of calculated with experimental heat-transfer coefficients
Locatlon along
nozzle, I/ Dy Turbulent-flow solution Boundary-layer solution
One-dimensional determination | Three-dimensional determination Case 1 Case 2
—1.9 | 40 percent low___.____ 40 percent low__________ 30 percent low 45 percent low
0 Good____________.___ Good . __._.._.________.. 35 percent high 16 percent high
>.5 | 50 percent low______._ 23 percent low__________ 35 percent high 16 percent high

The degree of accuracy varies with distance
from the nozzle throat. The turbulent-flow
correlation underestimates experimental data
in both the convergent and the divergent sec-
tions of the nozzle and agrees with experimental
data at the throat. The largest discrepancy
(50 percent) is in the divergent section. The
boundary-layer solutions underestimate ex-
perimental data by as much as 45 percent in the
convergent part of the nozzle and overestimate
the experimental data by as much as 35 percent
in the divergent part of the nozzle. Experi-
mental data are required in order to determine
the type of variation that the coeflicient in the
turbulent-flow correlation should follow.

The preceding discussion illustrates inade-
quacies in nozzle design heat-transfer relations,
For nuclear rockets, in which nozzle-throat
heat fluxes may be twice those for chemical
rockets, and in which nozzle wall temperatures
may be limited to 1600° or 1800° F and tem-
perature differences greater than 2000° F are
required between the nozzle wall and the hot
gas, the nozzle cooling and design problem be-
come more severe. Hot-gas-side nozzle heat
transfer must be more thoroughly investigated.

Coolant-side heat transfer is similar in both
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nozzle and reflector, and the latter has been dis-
cussed in some detail in a preceding section.

CONCLUDING REMARKS

Core, reflector, and nozzle heat-transfer and
flow problems that require solutions before ade-
quate nuclear rockets can be designed are pre-
sented. Core problems, such as maintaining
allowable temperatures and calculating ther-
mal stresses, are included. Core flow-stability
problems are also discussed. Reflector two-
phase- and gaseous-hydrogen heat-transfer and
pressure-drop correlations are illustrated with
experimental data. Examples of oscillations
and maldistributions in the reflector and dis-
cussion of gravitational effects on flow and heat
transfer, are included. Limitations of nozzle-
design methods are reviewed.

A careful investigation of the aforemen-
tioned problems revealed that adequate knowl-
edge is not yet available for the determina-
tion of satisfactory solutions. More intensive
research in such areas as oscillatory flow, mal-
distribution of flow, two-phase flow, nozzle heat
transfer, stress-calculation methods, etc. is
urgently needed before improved nuclear
rockets can be designed.
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APPENDIX—SYMBOLS
A area v Poisson’s ratio
a constant p density
Bo boiling number, (Q/A,)/(xw/A,) P nozzle stream density
b constant [T thermal stress
C constant X ¢t Martinelli parameter
c constant Subscripis:
Cp specific heat av average
D diameter b bulk
d constant cale calculated
E Young’s modulus exp  experimental
f frequency I film
G mass-flow rate, w/4; Jm film mean (for two phase)
g gravitational constant frict friction
H enthalpy g gas
h heat-transfer coefficient i inner
k thermal conductivity in in
l length { liquid
Al distance between end of heater and temperature Al incremental length
sense point in unheated section m metal
Nu  Nusselt number, hD,/k max maximum
Pr Prandtl number melt melting point
P pressure mom momentum
Q heat-flow rate 0 outer
Re Reynolds number out out
T temperature pg perfect gas
t time ref reference
u velocity SP  single phase
V. nozzle stream velocity 8 surface
w weight sat saturated
w flow rate T total
X distance to interface ¢ nozzle throat
T quality TP  two phase
a coefficient of linear expansion v per unit volume
] distance between Timax and T\, w wall
A heat of vaporization Superseript:
K’ viscosity ! pseudo-two-phase quantities
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Problems in Dynamics and Control of Nuclear Rockets
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The problems and the behavior of a complete
nuclear rocket, and, in particular, problems in

control, are considered herein. Topics covered LIQUID-

are damage limits, performance, stability dy- HDROGEN R o

namics, startup, and control selection. Listing SHUTOFF VAPOR LOCK

of fields where further research and develop- VALVE—-"" —TURBINE TEMP OVERSPEED
i POWER FOR STARTUP

ment would be helpful is presented. PUMP ~ ("BOOTSTRAP")

NUCLEAR-ROCKET FLOW SYSTEM

One possible nuclear-rocket flow system is
shown in figure 45-1 together with an indica-
tion of the control problems. This system is
called the hot bleed cycle because the power to
drive the pump is derived from hot gas ex-
tracted at high pressure from the reactor out-
let region. ’
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F16URE 45-1.—Control problem areas and operational
limits.
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One of the most important operational limits
the control must observe is the rate of neutron
multiplication ; this rate should be slow enough
that the control can always move quickly
enough to avoid a runaway multiplication.
This control function is most stringently de-
manded in the startup maneuver. Reference 1
presents a good exposition of some of the prob-
lems of reactor control for the maneuver of
raising the neutron flux from source level to a
level that produces significant heat in the
reactor.

A second control requirement is that the max-
imum gas temperature be obtained without
damage to the material of the reactor. This
control function is most important because the
specific impulse is proportional to the square
root of the gas temperature, and, consequently,
the highest temperature that will not damage
the reactor is desired.

Within the core are additional limitations on
engine operation. Thermal gradients induce
high stresses or may result in hot spots at higher
temperature than the material can stand. Simi-
larly, quick changes in temperature can induce
high thermal shock stresses.

Another control problem associated with the
core is the wide range of neutron flux (10 dec-
ades) that must be sensed for safe control.

In regard to the other parts of the system, the
pump 1s limited in operating condition to avoid
stall and possible damage during startup.
Cavitation within the pump can cause erosion
and damage and perhaps lead to a “vapor lock,”
which is the presence of a large enough quantity
of gas in the liquid to impair the pumping ca-
pability of the pump. Such a condition can
arise in starting if the pump and the lines have
not been chilled down. Also, it can occur near
the end of powered flight when the propellant
that has picked up heat in the tank enters the
pump.

A CONTROL SYSTEM

One possible control system would utilize
measurement of reactor outlet gas temperature,
reactor outlet pressure, and neutron flux to ma-
nipulate turbine valve and control rod. Figure
45-2 is a block diagram of this control scheme.
Such a control would fulfill most of the re-
quired functions, provided a dependable tem-

perature sensor was available. Also, the flux
sensor must provide a good enough signal to
permit rapid calculation of the rate of change
of flux, particularly during startup.

DESIRED !
P

TURBINE | P

VALVE REACTOR PRESS

AND é

FLOW NEUTRON

DESIRED CALCU-] JCONTROL SYSTEM FLUX
T LATOR [™ rop ™ T
TEMP

cE-I53i4
T, CORE QUTLET TEMP

I P. CORE OUTLET PRESSURE

F16URE 45-2—A control for maximum power operation
of a nuclear rocket.

Selection of the computer functions for dis-
patching commands to the valve and control
rod is aided by a knowledge of the dynamical
behavior of the components of the system.

- DYNAMICS OF REACTOR AND FLOW SYSTEM

For control stability purposes (accurate, fast
controls may suffer from instability), the dy-
namical relations among the manipulated and
output variables may be expressed in terms of
steady-state gain and frequency response. The
gains are derived from a steady-state calibra-
tion, such as shown in figure 45-3. Here the
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OUTLET 3500 “CONTROL ROD
TEMP POSITION
°R
3000
C3-25348
2500 L1 1 | |
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C I
REACTOR OUTLET PRESSURE (OR THRUST}

F16URE 45-3.—Control parameters near maximum
power for a nuclear rocket.

steady-state settings of turbine valve and con-
trol rod to generated selected value of gas tem-
perature and reactor pressure are shown. The
gains about point A in the map are as follows:
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Valve Rod
dP/o8, percent/percent . ___ .. 1.1 0.7
dT/o8, *Ripercent._______ .. 14 21

Incidentally, figure 45-3 gives a view of some
damage limits and their relation to controls.
Directly observable are the maximum tempera-
ture limit and the conditions of pump stall.
Derivable from this data is a function of ther-
mal gradient; this gradient increases with pres-
sure at a selected temperature.

An alternate map, replacing temperature
with reactor neutron flux, could be prepared
for use in the event that sensing of neutron flux
proves to be more reliable than temperature
sensing.

Of great interest to the control designer is
the strong effect of the flow system on the re-
actor power. For illustration, if the turbine
valve is closed from 39° to 37° while the re-
actor control rod is held fixed at 45°, the pres-
sure and temperature are reduced (when an in-
crease in temperature might be expected). This
strong reverse effect almost equals the effective-
ness of the control rods and is explained by the
large effect of hydrogen in the reactor on its
reactivity. Here, then, is a significant differ-
ence between this reactor system and others
commonly studied. The effect of hydrogen in
the core is to make the system less stable (run-
away rather than oscillatory) than a reactor
in which the coolant does not influence the nu-
cleonic processes.

The time-varying portion of the dynamic
relations among control variables is shown in
figure 45-4. The information is in the con-

““NUCLEDNIC POWER
TO CONTROL ROD

QUTLET-GAS
TEMP YO
"~ CONTRQL ROD -~

\,,',«PRESSURE 10"
REINE
\
\

TU
CONTROL VALVE

100
C3~75557

FARIOE MO NN WO OO N S R

FI16URE 45-4.—Frequency responses among control varl-
ables for a nuclear rocket.

TY Y Y Y YYYYYTYTYVYYYYY

59

AN

venient frequency-response form. This fre-
quency-response information is combined with
the steady-state gains to give a complete dy-
namic description through the following rela-
tion:

Oous _
™ =K@
where
ad frequency (or time) variant portion of

the description

K steady-state gain

Bout change in output function being ob-
served

6, change in input function being dis-

turbed

The response of nucleonic power to control
rod position, shown in figure 454, is not unlike
published reactor behavior, such as shown by
Schultz in reference 1. The high-frequency
dynamics, above 10 cycles per second, are gov-
erned by the mean neutron lifetime between
generations and are, therefore, related to the de-
gree to which the reactor is moderated. At low
frequency, below 1 cycle per second, the be-
havior of the nucleonic power differs somewhat
from the published literature because the inter-
action of the hydrogen with the nucleonic proc-
ess is significant.

Of considerable interest is the fact that, al-
though the system is quite complex, including
pump, turbine, heat exchangers, and so forth,
the responses of pressure and temperature are
reasonably described by a single time constant.
Phase measurements show a similar result.

The time constants of the flow system vary
approximately inversely as the flow rate.
Thus, it is possible to estimate the dynamics at
other than maximum power. This approxi-
mation is not good for extension down to
startup; also, some of the high-frequency dy-
namics of the reactor are not closely related to
the flow system.

DYNAMICS IN STARTUP REGIME

In the startup transient, several dynamical
properties not observable at high power must
be considered. Some of these properties arise
from the phase change of hydrogen from gas
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F1eurE 45-5.—Dynamic model of evaporation in cooling
jacket.

to liquid at low pressure. The boiling of hy-
drogen while flowing through a tube has been
observed to be quite oscillatory in many in-
stances. This problem is illustrated in figure
45-5. The change from all liquid to a mixture
of a liquid and vapor and thence to some sort
of gas is accompanied by momentum pressure
drop that is a function of the flow, which is, in
turn, a function of pressure drop. Several
modes of severe oscillation are possible and
have been observed. Oscillations violent
enough to cause ejection of slugs of liquid from
the exit even when the steady-state heat balance
would indicate superheated gas have been
observed.

Flow instability due to inadvertent stall of
the pump is an occurrence that can be intro-
duced by inadequate control of flow and power
during startup. Attempt to start flow before
the pump is adequately cooled is also a source
of unstable flow.

REACTIVITY .002

1

e _— ST e

FIGUBRE 45-8.—An estimated flow oscillation and re-
activity excuorsion.
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The dynamics of unstable flow are of great
concern because the periodic ingestion of large
amounts of hydrogen into the reactor could
cause severe and perhaps runaway transients in
reactivity. A rough estimate has been made to
show the effect on reactor period of a severe
oscillation in flow such as might be induced by
pump stall. The results are shown in figure
45-6. In this instance sharp spikes in period
occur, reaching the dangerously short period of
1 second. Only slight more reactivity would
produce periods of milliseconds and possible
destruction.

CONTROL DURING STARTUP

One control scheme for conducting the engine
from a condition where hydrogen has been ad-
mitted to the core to a terminal condition of full

NOZZLE '
PRES:URE, 50

- —OBSERVED ——

1
o 20 30
TIME, SEC—twmsia——

0

F1Gure 45-7.—Example startup transient.

power would be to use the control of figure
45-2, imposing thereon demanded pressure and
temperature scheduled with time. (This sys-
tem is not necessarily the best or recommended.)
The program calls for a linear rise in tempera-
ture to maximum temperature in 28 seconds; the
linearity is desired to minimize thermal shock.
A schedule in pressure to avoid stall and to
reach full thrust in 28 seconds is also used.
These schedules of demanded pressure and tem-
perature and the calculated behavior of the
system are shown in figure 45-7.

The resultant performance shows inadequacy
of the control at the start and gives a very rapid
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rise in flux corresponding to a dangerously
short period and subsequent rapid rate of rise
of material temperature, more than twice the
desired rate. Similar results have been pub-
lished for a somewhat different nuclear rocket
system by Mohler and Perry (ref. 2).

Thus, the results shown here illustrate that
careful selection of the control is needed to
avoid trouble in the early part of the startup.
Modern control theory appears to be quite ade-
quate at high power near maximum thrust.

Another thought induced by the foregoing
results is the possible consequence of simultane-
ously imposed flow instability and improper
control. Such a combination could produce
more severe reactor and pump excursions than
shown.

SENSOR PROPERTIES THAT INFLUENCE CHOICE
OF CONTROL

The control system of figure 45-2 depends
upon a temperature sensor that is dependable
and accurate in a severe environment of up to
5000° R, intense nuclear radiation, and high
flow velocities. A temperature sensor meeting
these requirements may not be developed for a
long time, and other means of control will be
sought.

One alternative might be to use the neutron
flux sensor to measure the nucleonic power, and,
since nozzle pressure is measured, the mean gas
temperature can be inferred. This system is
particularly attractive since the neutron detec-
tor is used to measure nucleonic power and to
control the reactor from source level up to a
power level where the temperature sensor gives
a readable and accurate signal.

The primary difficulty in using the neutron
detector to control at maximum power is that
it is not accurate enough. This inaccuracy is
due not as much to the inaccuracies in the in-
strument itself as to the nonuniformity of the
neutron flux field in regions where the detector
might be located. Presence of volumes of
hydrogen, changes in control rod position, and
many other disturbing factors cause consider-
able uncertainty in the relation between the
flux at a selected point and the reactor nucleonic
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power. Furthermore, the reactor that is used
in a space vehicle will never have been operated
at high power before flight; thus calibration is
made very uncertain. If a good temperature
sensor is not created, however, the neutron de-
tector system could be used, but reduction of
maximum temperature to allow for error would
be necessary.

SOME PROBLEMS NEEDING FURTHER WORK

As may be seen, treatment of the problems of
dynamics and controls in the nuclear rocket is
in an embryonic state, and much progress is yet
needed. Most of the problems are of a general
nature, applicable to a variety of possible de-
signs of nuclear rockets. Some of these prob-
lems that could be explored further by inde-
pendent investigation are mentioned in the fol-
lowing paragraphs.

A reliable temperature sensor capable of sur-
viving in hydrogen at 4000° to 5000° R for
1 hour is urgently needed. Fast response time,
less than 1-second time constant, would simplify
the control system using the sensor. :

A neutron flux detector that could be cali-
brated accurately to 1 percent could be used in
a control system that does not need the tempera-
ture sensor. The source of error here seems to
be the spatial variability of the neutron flux
field in the vicinity of the detector. The cali-
bration difficulty is compounded by the fact that
the particular reactor used in a space mission
will never have been operated at power prior to
the mission.

A statement of the dynamic properties of
hydrogen boiling while flowing through an
evaporator tube is needed. Progress is being
made, but considerably more work is needed,
both in experimental observation and in theory.

The mathematical tools used to select opti-
mum control functions should be extended to fit
a particular class of large-scale disturbances in
nonlinear systems. The particular case is for a
dynamical system having square-law relations
among some of its parameters (i.e., flow to pres-
sure drop). Current linear techniques seems to
be satisfactory for transients around maximum
flow.
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